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Health and wellbeing are now much studied and contested topics in science. The work 
presented in this thesis focuses on heart rate variability (HRV), a measure extracted from 
the electrocardiogram and index of vagal function with links to psychological flexibility, social 
engagement, and future health and wellbeing. At the heart of this body of work is a desire 
to better understand the relationship between mental, physical and social health. A total of 
thirteen published papers are included in this thesis, bridging the gap between psychological 
science and epidemiology. In papers one and two, I examine the associations between 
common mental disorders (and antidepressants) and coronary heart disease (CHD), 
highlighting the association between mental and physical ill-health. Papers three and four 
investigate whether depression or its treatment are associated with vagal impairment, a 
major source of debate and discussion in the field. Paper five is a randomised controlled 
trial of oxytocin, the mammalian neuropeptide, to determine whether oxytocin might 
augment resting state HRV, a fundamental psychophysiological feature of social behaviour. 
In paper six, I examine whether alterations are observed in women with a prior history – but 
not current – anxiety disorders and their offspring to determine potential adverse impacts on 
future generations. In paper seven, the major outcome of the work I conducted at the 
University of São Paulo, I examine the association between common mental disorders, 
antidepressant treatments and vagal function in the largest cohort to date. Paper eight and 
nine are follow-up studies to this that further explore whether specific subtypes of depression 
display more robust reductions in HRV, and whether there are differential associations of 
the selective serotonin reuptake inhibitors on HRV. In paper ten, I examine whether carotid 
intima-media thickness (cIMT) – a measure of subclinical atherosclerosis – is greater in 
people with anxiety and depressive symptoms. Paper eleven extends on this idea to 
examine whether insulin resistance and cIMT mediate the relationship between HRV and 
executive function. In the final two papers, I present two major syntheses of the extensive 
literature base on vagal function – including my own research outcomes – and provide two 
overarching and complimentary theoretical models linking psychological science and 
epidemiology, with an eye toward further scientific insights and public health outcomes. In 
conclusion, vagal impairment may provide a ‘spark’ that triggers a downstream cascade of 
adverse physiological effects that could lead to increasing morbidity and premature 
mortality. This body of work represents the first steps towards a transdisciplinary science of 
health and wellbeing, spanning psychological science and epidemiology, providing a 
platform for future research activity.
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Introduction 
‘Health’ and ‘wellbeing’ are now much studied and contested topics in science. According to 

the Oxford English Dictionary, ‘health’ is defined as “the state of being free from illness and 

injury”, while ‘wellbeing’ is defined as “the state of being comfortable, healthy, or happy”. 

Yet, this distinction between ‘health’ and ‘wellbeing’ belies recent data that highlight the 

intimate connection between our physical, mental and social lives. For instance, positive 

psychological attributes – especially optimism and hedonic wellbeing – are associated with 

improved cardiac health, reduced overall morbidity and lower risk for premature mortality 

(Boehm & Kubzansky, 2012; Dubois et al., 2012). Other research emphasises the 

importance of positive social relationships, which may have greater effects than smoking 

cessation, physical activity and lean body mass index (Holt-Lunstad, Smith, & Layton, 2010; 

Holt-Lunstad, Smith, Baker, Harris, & Stephenson, 2015). In fact, friendship has been 

regarded as the single most important factor influencing health, wellbeing and happiness 

(Dunbar, 2018). By contrast, psychological distress appears to increase risk for morbidity 

and premature mortality from a host of disorders and conditions in a dose-response 

relationship (Russ et al., 2012), and patients with affective disorders have a reduced life 

expectancy equivalent to the effects of heavy smoking (Chesney, Goodwin, & Fazel, 2014). 

All these findings highlight an important link between physical, mental and social wellbeing, 

which the World Health Organisation (WHO) brings together under the umbrella term of 

‘health’.  

 

The work presented in this thesis focuses on vagal function, a potential candidate 

mechanism for a structural link between mental, physical and social health. Thirteen papers 

are presented, spanning psychological science and epidemiology based on work that I have 

conducted in Australia, Brazil and most recently, the United Kingdom, together with 

colleagues from a host of countries around the world. At the heart of the thesis is a desire 

to better understand the relationship between mental, physical and social health. Vagal 

function is indexed by heart rate variability (HRV), a measure extracted from the 

electrocardiogram. HRV is a psychophysiological phenomenon with broad implications 

having associations with emotion regulation (e.g. Geisler, Vennewald, Kubiak, & Weber, 

2010), social engagement (Geisler, Kubiak, Siewert, & Weber, 2013) and psychological 

flexibility (Kashdan & Rottenberg, 2010), as well as the ability to predict future morbidity and 

mortality, even in those participants who are free from physical disease at baseline (e.g. 

Hillebrand et al., 2013). This thesis comprises a total of eleven research articles and two 

theoretical reviews, which are briefly described below.  
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In papers one (Kemp, Brunoni, Nunes, et al., 2015b) and two (Kemp, Brunoni, Bittencourt, 

et al., 2015a), I examine the associations between common mental disorders (and 

antidepressants) and coronary heart disease (CHD), highlighting the association between 

mental and physical ill-health. This work was conducted on the largest study on the health 

and wellbeing of the Brazilian population. While studies had previously demonstrated 

associations between major depressive disorder (MDD) and coronary heart disease (CHD), 

prior studies had been restricted to high-income countries including Australia, Canada, 

Denmark, Finland, Netherlands, UK, and USA. By contrast, Brazil is characterised by higher 

rates of mental disorders (Andrade et al., 2012), and lower rates of antidepressant use 

(Brunoni, Nunes, et al., 2013b) than high-income countries. Brazil is also affected by major 

societal challenges including income inequality (Filho, Kawachi, Wang, Viana, & Andrade, 

2013), which could lead to higher levels of psychological distress, morbidity and mortality, 

consistent with the ‘relative income hypothesis’ (Wilkinson, 2002). While a recent consensus 

statement from Australia, a high-income country, recommends that tricyclic antidepressants 

are avoided in patients with depression and CHD (Colquhoun et al., 2013), these 

recommendations are difficult to apply in developing countries such as Brazil because TCA 

antidepressants are freely dispensed in public health pharmacies, while more recent 

antidepressant treatments are not.  

 

              

         

       

         

         

      

      

        

           

          

           

       

          

           

       

        

In paper one (Kemp, Brunoni, Nunes, et al., 2015b), I report a threefold increase in CHD for 
comorbid MDD and anxiety disorders, a twofold increase for MDD alone, and a 1.5-fold 
increase for generalised anxiety disorder alone and mixed anxiety and depression disorder, 
characterised by the presence of symptoms that do not fully reach diagnostic thresholds. 
These findings were obtained after full adjustment for a host of covariates including 
sociodemographic information, lifestyle and behavioural characteristics, established risk 
factors for CHD as well as antidepressant medications given evidence that antidepressants 
may also contribute to morbidity and mortality (Hamer, David Batty, Seldenrijk, & Kivimaki, 
2011; Smoller et al., 2009; Whang et al., 2009). In paper two (Kemp, Brunoni, Bittencourt, 
et al., 2015a) I explored the possibility that antidepressants might be associated with CHD, 
and observed a 1.5-fold increase in the odds of CHD, which subsequently decreased to a 
1.3-fold increase when adjusting for covariates. Additional sensitivity analysis revealed that 
use of TCAs in particular is associated with a 2.15-fold increase in CHD after full adjustment, 
demonstrating potential adverse impacts of public health policy in Brazil relating to free 
dispensation of antidepressant medications in patients with CHD. These findings not only 
provide further evidence of associations between common mental disorders, antidepressant
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treatments, and CHD, they also highlight the need for, and importance of comprehensive 

health assessment in Brazil, a country facing major societal challenges and inequities.  

 

         

         

           

     

       

              

      

          

          

         

          

        

            

        

        

           

        

       

             

              

          

        

 

In paper four (Brunoni, Kemp, et al., 2013a), Brazilian colleagues and I examine whether 

vagal function is a trait or state marker of depression. This study was motivated by the 

debate (appendices 2-7) over the findings published in my earlier meta-analysis (Kemp et 

al., 2010) (paper 3). This study sought to disentangle whether the disorder or antidepressant 

treatment adversely affects vagal function in a longitudinal study of MDD patients treated 

with either sertraline, an SSRI antidepressant or non-pharmacological intervention 

(transcranial direct current stimulation or tDCS). Our findings confirmed once again that 

MDD was associated with vagal impairment, findings associated with a small to moderate 

effect size. We also demonstrated that HRV did not change following treatment, regardless 

of clinical response or type of intervention. We concluded that impaired vagal function 

             
            

               
             

              
                

        
          

             
           

                
            

              
            

           
              

             
           

             
              

             
             
        

One candidate mediating mechanism for the structural link between mental and physical ill- 
health, as well as the observed associations between antidepressant medication and CHD 
is vagal function, indexed by heart rate variability (HRV). However, there had been a steady 
stream of contradictory findings in heterogeneous samples making it unclear as to whether 
it was the disorder or treatment that was adversely impacting on vagal function. Towards 
clarification of this issue, I present paper three, a meta-analysis (Kemp et al., 2010), in which 
I examine associations amongst major depressive disorder (MDD), 
antidepressant treatment and vagal function in unmedicated patients. Findings confirmed 
that MDD patients had vagal impairment relative to controls, and also showed that 
tricyclic antidepressant medication further contributes to vagal impairment. Two years prior 
to the publication of this meta-analysis, a major study by a group in the Netherlands had 
been published reporting that although depression was associated with reduced HRV, that 
this association appeared to be largely driven by the effect of antidepressants (Licht et 
al., 2008). Therefore it was understandable that the findings reported in my meta- 
analysis led to considerable debate and published correspondence (Brunoni, Lotufo, & 
Benseñor, 2012; Kemp, Quintana, & Malhi, 2011; Licht, Penninx, & de Geus, 2011). (This 
debate and correspondence is included in appendices two to seven of this thesis, 
demonstrating international interest and discussion on this topic.) Importantly, the letter 
of correspondence from Brazilian colleagues (Brunoni et al., 2012) led to my successful 
application to work on the largest epidemiological study on the health and wellbeing of 
the Brazilian population, which I conducted at the University of São Paulo between 
2013 and 2015. This exciting opportunity enabled me to continue my investigations on 
much larger samples than I previously had access to.
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appears to be a trait marker of major depressive disorder as neither antidepressant or tDCS 

was found to ameliorate impairment in vagal function despite symptom amelioration.  

 

Common mental disorders display significant social impairment, which might be 

underpinned by vagal impairment. One influential theory that has been used for interpreting 

many of the HRV findings – including many of those reported here – is polyvagal theory 

(Porges, 2007; 2009; 2011). According to this theory, one consequence of the phylogenetic 

transition is the emergence of social behaviour including facial expressions and 

vocalisations. According to this theory, HRV is driven by the myelinated vagus nerve, which 

supports social communication and psychophysiological flexibility. In paper 5 (Kemp et al., 

2012), I sought to test this theory in a randomised, double-blind, placebo-controlled, within-

subject, crossover experimental design using the mammalian neuropeptide, oxytocin, which 

is known to play a key role in human social behaviour and social cognition (Kemp & 

Guastella, 2011). I report that acute administration of oxytocin increased vagal function. This 

finding was even obtained in the absence of any change in mood state, as measured by the 

profile of mood states questionnaire. In line with polyvagal theory, I concluded that oxytocin 

may facilitate a fundamental psychophysiological feature of social behaviour, increasing 

capacity for social engagement. 

 

Up until recently it was unclear whether impairment in vagal function preceded common 

mental disorders or was a symptom. Although influential theories including polyvagal theory 

(Porges, 2007; 2009; 2011) and the neurovisceral integration model (Thayer & Lane, 2000; 

2009) provide a theoretical basis for proposing that change in vagal function might precede 

disorder development, there had been limited evidence to support such a proposal. In paper 

6 (Braeken et al., 2013), I teamed up with colleagues from the Netherlands and Belgium to 

examine whether alterations in HRV might still be observed in women with a prior history of 

– but not current – anxiety disorder in the Prenatal Early Life Stress (PELS) study. We also 

determined whether HRV alterations might be observed in the offspring of these women, a 

finding that would provide initial evidence that such alterations precede the development of 

psychopathology. Our findings were consistent with our hypotheses. We report that vagal 

impairment was apparent in women with a prior history of an anxiety disorder and that similar 

alterations were observed in the offspring of these women. Since that time further evidence 

has been published demonstrating that HRV changes appear to precede development of 

psychopathology. In 2015, it was shown that altered HRV before combat deployment to Iraq 

or Afghanistan increased risk of PTSD diagnosis after deployment in the Marine Resiliency 

Study (Minassian et al., 2015). It is noted however, that this study identified the low-
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frequency to high-frequency ratio of HRV to be associated with PTSD diagnosis, and the 

interpretation of this particular measure of HRV has been controversial (Goldstein, Bentho, 

Park, & Sharabi, 2011; Reyes Del Paso, Langewitz, Mulder, Roon, & Duschek, 2013). In a 

more recent study (Jandackova, Britton, Malik, & Steptoe, 2016), higher baseline heart rate 

and lower HRV were found to be associated with a higher likelihood of depressive symptoms 

over a 10-year follow-up period in the Whitehall II study. Interestingly, depressive symptoms 

were not associated with heart rate or HRV at the follow-up assessment in this study in 

cross-lagged analysis.  

 

Paper seven (Kemp et al., 2014a) is the major outcome from the work I conducted in Brazil 

on the ELSA-Brasil cohort. In it I again explore the association between common mental 

disorders, antidepressant treatments and vagal function in the largest cohort to date. This 

study was motivated by the contradictory literature over whether the disorder or its treatment 

drives reductions in HRV. I had also recently read a study (McCaffrey et al., 2013) reporting 

on an improved method to deal with potential confounding factors, a technique known as 

propensity score weighting using a generalized boosted modeling technique, a 

methodological advancement that we harnessed in this study. I report that patients with 

generalized anxiety disorders display the most robust vagal impairment of all common 

mental disorders. I also observed that antidepressant use is associated with differential 

impacts on vagal function, most apparent for trycyclic antidepressants, followed by serotonin 

and noradrenaline reputable inhibitors, and the selective serotonin reuptake inhibitors 

(SSRI), the latter class of which did not impact on vagal function at all. Curiously, we were 

not able to replicate the finding of reduced HRV in MDD patients in this study, a 

consideration that led to the following paper and publication.  

 

In paper eight (Kemp, Quintana, Quinn, Hopkinson, & Harris, 2014b), a follow-up study to 

paper seven (Kemp et al., 2014a), I examine a potential reason for failing to observe vagal 

impairment in MDD patients. I proposed that one potential explanation for the contradictory 

findings in depression was the presence of distinct subtypes, such as melancholic 

depression. Patients with melancholia are characterised by an over-active stress response, 

diminished responsiveness to the environment, somatic symptoms and cognitive 

impairment (Gold & Chrousos, 2013; Quinn, Harris, Felmingham, Boyce, & Kemp, 2012a; 

Quinn, Harris, & Kemp, 2012b). In paper eight, I demonstrate that depressed patients with 

melancholia display vagal impairment, while those with non-melancholic depression do not. 

I conclude that this finding may account for the considerable heterogeneity that has been 

reported in the literature with respects to major depressive disorder. This finding also helps 
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to clarify why I failed to replicate adverse effects in paper seven. In paper nine (Kemp, 

Fráguas, et al., 2016a), another follow-up study to paper seven, I examine whether specific 

antidepressants within the SSRI antidepressant class are differentially associated with vagal 

function. I report that paroxetine displayed the greatest impact, while fluoxetine was the only 

SSRI antidepressant that did not display vagal impairment.  

 

In paper ten (Santos et al., 2015), I teamed up with colleagues from Brazil to examine 

whether carotid intima-media thickness (cIMT) – a measure of subclinical atherosclerosis – 

is greater in people with anxiety and depressive symptoms. Higher cIMT had previously 

been shown to lead to major cardiovascular events (Lorenz, Markus, Bots, Rosvall, & Sitzer, 

2007) (but see Lorenz et al., 2012). Given that we had already observed people with 

depression and anxiety to have more CHD (see paper one), it was possible that high cIMT 

would also be observed in such patients. It is possible for instance that cIMT mediates the 

reported relationship between depression, anxiety and cardiovascular events. We supported 

the hypothesis that depression and anxiety would be associated with higher cIMT. These 

findings subsequently led to paper eleven (Kemp, López, et al., 2016b), which examines 

potential pathways that might lead to cognitive impairment, a critical outcome measure 

relevant to health and wellbeing, and an early objective indicator of morbidity. I observed a 

single, serial multiple-mediator pathway linking vagal and executive function by insulin 

resistance and subclinical atherosclerosis (as measured by cIMT). This finding was able to 

be supported by as many as four sensitivity analyses. I conclude that vagal function may 

provide ‘spark’ that triggers a downstream cascade of adverse physiological effects that 

could lead to increasing morbidity and premature mortality.  

 

In the final two papers (Kemp, Arias, & Fisher, 2017a; Kemp, Koenig, & Thayer, 2017b), I 

present two major syntheses of the extensive literature base on vagal function – including 

my own research outcomes – and provide two overarching and complimentary theoretical 

models linking psychological science and epidemiology, with an eye toward further scientific 

insights and public health outcomes. In paper twelve (Kemp, Arias, & Fisher, 2017a), I 

propose the GENIAL model, a theoretical pathway involving genomic and environmental 

influences on the vagus nerve that both supports and is impacted on by social interaction, 

and plays an important regulatory role over allostatic processes and complex pathways to 

wellbeing and longevity. Although an acronym, ‘genial’ means ‘friendly’ in English given the 

emphasis on the link between vagal functioning and social relationships, an association that 

is especially interesting following the recent publication of Robin Dunbar’s recent review 

paper which emphasises that friendship is the single most important factor impacting on 
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health and wellbeing (Dunbar, 2018). The word ‘genial’ also means ‘brilliant’ in Spanish, 

which was important considering the editor of the book in which we published our GENIAL 

model was Spanish! In paper thirteen (Kemp, Koenig, & Thayer, 2017b), I propose the 

complimentary NIACT model, which refers to neurovisceral integration across the continuum 

of time. This complimentary model places the neurovisceral integration model (Thayer & 

Lane, 2000; 2009), another an influential model in the field, within a temporal framework and 

helps to bridge the disciplinary divide from psychological science to epidemiology and public 

health. Both models emphasise a critical role for vagal function as an upstream mediator of 

the complex pathways to health and wellbeing.  

 

             

        

         

         

          

       

       

            

           

          

           

         

      

           

          

            

        

           

         

        

 

While psychological science battles a replication crisis (Open Science Collaboration, 2015), 

a result of emphasising novelty over reproducibility, the work presented here is 

characterised by a focused effort on better understanding the associations between 

common mental disorders and adverse health outcomes. Many of the papers presented 

here focus on very similar research questions – conceptual replications using different 

                 
            

            
            

              
           

          
                 
                

             
             

              
          
               

            
              

             
              

             
            

                
           
          

            
            

            
          

               
                

            
            

            
             

            
             
             

              
            

            
             

         

I consider that this body of work makes an important contribution to the literature. First, the 
Association for Psychological Science (APS) recently awarded me APS fellowship in 
recognition of sustained, outstanding and distunguished contributions to the field 
(appendix 12). Second, my research has led to scientific debate, discussion and 
published correspondence (appendices 2-7). Third, this research has led me to initiate 
and host a related research topic titled “Mechanisms underpinning the link between 
emotion, physical health and longevity” (see: https://goo.gl/zyEUi3) (appendix 8). This 
edited contribution contains a total of 18 articles written by more than 100 authors, and 
has been viewed over 110,000 times as at January 2018. Fourth, it has led to several 
invited contributions to The Conversation (appendices 9, 10), a new online media 
resource that allows to better disseminate research generated in universities to the 
general public. One of these articles (appendix 10) was awarded the journalist 
excellence award by the Welsh Editor of The Conversation (appendix 11). Fifth, my 
contributions have inspired several major extensions to my research activities (e.g. 
Koenig, Kemp, Beauchaine, Thayer, & Kaess, 2016a; Koenig, Kemp, Feeling, Thayer, 
& Kaess, 2016b; Koenig et al., 2016c; Koenig, Williams, Kemp, & Thayer, 2016d). 
Sixth, my research activities have directly led to the publication of reference values for 
short-term resting-state HRV in healthy adults, a valuable tool for researchers, 
clinicians and those in the quantified- self community (Dantas et al., 2018). Finally, 
it makes a sustained and meaningful contribution to a field characterised by the 
publication of many contradictory findings.
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methodological approaches and cohorts of participants – such as whether common mental 

disorders are associated with vagal impairment (e.g. papers three, four, six, seven and 

eight). While reproducibility is seldom rewarded in science, these papers have been 

published in high impact and prestigious journals in the field including Biological Psychiatry 

and American Journal of Psychiatry, demonstrating the importance of asking the right 

question and drawing on state-of-the-art methods to enhance a publication’s impact (e.g. 

paper seven).  

 

In conclusion, this body of work represents the first steps towards a transdisciplinary science 

of health and wellbeing, spanning psychological science and epidemiology, providing a 

platform for future research activity. 
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Background: Associations between major depressive disorder (MDD) and coronary heart
disease (CHD) have been established, and these associations increase risk of future
morbidity and mortality. Prior research has been carried out in high-income countries. Here
we examine associations between the mood and anxiety disorders, and CHD in a large
cohort at baseline from Brazil, a country facing a variety of challenges that may affect these
associations.

Methods: Participants included 15,105 civil servants aged 35 to 74 at baseline (2008–2010)
from the Brazilian Longitudinal Study of Adult Health (ELSA-Brasil). CHD (N = 721) included
self-reported angina pectoris (n = 305), myocardial infarction (n = 259) and coronary
revascularization (n = 239). Hierarchical logistic regression analyses were conducted to
estimate odds ratios and confidence intervals.

Results: Major findings indicate that comorbid MDD and anxiety disorders (n = 434)
are associated with a threefold increase in CHD, MDD alone (n = 170) with a twofold
increase in CHD, while generalized anxiety disorder alone (n = 1,394) and mixed anxiety
and depression disorder (n = 1,844) – symptoms present, but diagnostic threshold not
reached – are associated with a 1.5-fold increase in CHD, after full adjustment for covariates.

Conclusion: The association with CHD is greatest in those with psychiatric comorbidity,
while associations were also observed in MDD and generalized anxiety disorder without
comorbidity. While findings are limited by the cross-sectional design of the study, given
the known risks associated with comorbidity of the mood and anxiety disorders with CHD,
findings reinforce the importance of comprehensive health assessment in Brazil.

Keywords: major depressive disorder, anxiety disorders, disorder comorbidity, coronary heart disease

INTRODUCTION
Major depressive disorder (MDD) and coronary heart disease
(CHD) are leading burdens of disease and the relationship between
these disorders is bidirectional (Nemeroff and Goldschmidt-
Clermont, 2012; Ramasubbu et al., 2012a; Stapelberg et al., 2012;
Lichtman et al., 2014): many patients experience depression
decades before CHD is manifest, while MDD in patients with
CHD is associated with increased morbidity and mortality. How-
ever, it remains unclear whether MDD, anxiety disorder or their
comorbidity are most associated with CHD. Research has begun
to highlight associations between the anxiety disorders and CHD
(Tully and Cosh, 2013; Tully et al., 2013). A study on participants
recruited for the Netherlands Study of Depression and Anxiety
(N = 2807) reported that persons with current anxiety disorders
with or without depression have a threefold increased prevalence

of CHD, while no associations were observed for those with
depressive disorders alone, or for depressive and anxiety disorders
in remission (Vogelzangs et al., 2010). Research has been restricted
to high-income countries including Australia, Canada, Denmark,
Finland, Netherlands, UK, and USA (Vogelzangs et al., 2010; Tully
and Cosh, 2013), highlighting a need for research in low to middle-
income countries. Given the lack of data on the associations
between common mental disorders (CMD), specific mood and
anxiety disorders, and CHD in Brazil, an upper-middle-income
country, the present study sought to address this need.

It is unclear whether the associations between the mood and
anxiety disorders, and CHD parallel those or differ from the
findings reported in developed countries such as the Nether-
lands (e.g., Vogelzangs et al., 2010). Research has demonstrated
that Brazil is characterized by higher rates of mental disorders
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(Andrade et al., 2012), while rates of antidepressant use (Brunoni
et al., 2013) are lower than high-income countries. Brazil faces
significant social challenges that may contribute to psycholog-
ical distress (de Jesus Mari, 2014), which may affect observed
associations. For example, Brazil has one of the highest lev-
els of income inequality in the world and recent data from this
country (Filho et al., 2013) indicate that this inequality is asso-
ciated with mental disorders, especially depression. The authors
argued that inequality is associated with adverse social compar-
isons, leading to psychological distress, and increases in disease and
mortality, consistent with the‘relative income hypothesis’ (Wilkin-
son, 2002). Income inequality is likely one of many psychosocial
stressors that may affect the associations between the mood and
anxiety disorders and CHD in Brazil. We hypothesized a relation-
ship between CMD and CHD, and predicted that the prevalence
of CHD would be most robust in those with comorbid MDD
and anxiety disorders after controlling for relevant confounding
factors including antidepressant medications, socio-demographic
issues, physical inactivity, obesity and smoking, as well as risk
factors including dyslipidemia, hypertension, and diabetes. Here
we defined CHD as participants reporting a medical history of
stable angina pectoris, myocardial infarction (MI) or coronary
revascularisation.

MATERIALS AND METHODS
PARTICIPANTS
ELSA-Brasil is a cohort of 15,105 civil servants aged 35 to 74
enrolled between August, 2008 and December, 2010 at six cities
(Belo Horizonte, Porto Alegre, Rio de Janeiro, Salvador, Sao Paulo,
and Vitoria) designed to investigate the relationship between car-
diovascular diseases and diabetes, their social determinants and
risk factors. The study design and sampling procedures of ELSA-
Brasil have been reported previously (Aquino et al., 2012; Schmidt
et al., 2014). Exclusion criteria comprised current or recent preg-
nancy (within 4 months of first interview), intention to quit
working at the institution in the near future, severe cognitive or
communication impairment, and if retired, residence outside of a
study centre’s metropolitan area.

ETHICS STATEMENT
The ethics committees of the participating universities approved
the research protocol. All participants provided written informed
consent after a complete description of the study. The study design
and sampling procedures of ELSA-Brasil have been reported
previously (Aquino et al., 2012; Schmidt et al., 2014).

PSYCHIATRIC EVALUATION
Mental disorders were determined by trained interviewers using
the Portuguese version (Nunes et al., 2012) of the Clinical Inter-
view Schedule-Revised (CIS-R; Lewis et al., 1992). This is a
structured interview used for diagnosis of current, common, non-
psychotic psychiatric conditions in the community. The complete
CIS-R version was applied; CMDs were defined as participants
with CIS-R scores ≥12. The following ICD-10 categories were also
determined: MDD, agoraphobia, social phobia, specific phobia,
generalized anxiety disorder (GAD), panic disorder, social anxiety
disorder, and mixed anxiety and depressive disorder (MADD). The

ICD-10 refers to the 10th revision of the International Statistical
Classification of Diseases and Related Health Problems, a medical
classification list by the World Health Organization. These diag-
nostic groupings were then reduced to six categories: MDD, GAD,
all phobias, panic disorder, a comorbid group comprised of partic-
ipants with MDD and any anxiety disorder, and MADD. The latter
two categories are distinct; the former comprises participants that
meet criteria for both MDD and any anxiety disorder, while the
latter comprises participants who display symptoms of both anxi-
ety and depression, but do not meet the criteria of either diagnosis
separately.

CORONARY HEART DISEASE ASSESSMENT
Coronary heart disease included participants who reported a
medical diagnosis of stable angina pectoris, MI or coronary revas-
cularization determined through questionnaire- and intensive
interview-based assessment focusing on medical history.

COVARIATES
Sociodemographic information included age, sex, years of edu-
cation (less than high-school, high-school, university) and race
(white, mixed, black, Asiatic, indigenous). Lifestyle and behav-
ioral characteristics included smoking status (never, past/current),
physical activity (measured with the International Physical Activ-
ity Questionnaire (Craig et al., 2003) and categorized according
to low, moderate, or high activity based on scoring guidelines:
http://www.ipaq.ki.se/scoring.pdf) and body mass index (BMI;
weight in kilograms divided by height in meters squared). Estab-
lished risk factors for CHD were also considered in analysis; these
included hypertension, diabetes mellitus (DM), and dyslipidemia.
Hypertension was defined as systolic blood pressure ≥140 mm Hg,
or diastolic blood pressure ≥90 mm Hg, or use of antihypertensive
medications. Resting blood pressure was measured three times in
the seated position after 5 min rest, and the average of the sec-
ond and third measurements were used in analyses. Diabetes was
defined as self-reported or fasting blood glucose ≥126 mg/dL or 2-
h oral glucose tolerance test ≥200 mg/dL or glycated hemoglobin
≥6.5%. Dyslipidemia was defined as LDL-cholesterol ≥130 mg/dL
or use of lipid reductor. We identified antihypertensive treatments,
medications for diabetes, and antidepressants on the basis of
prescription and over-the-counter drugs in the past 2 weeks deter-
mined through pill bottle review. Antidepressant use was added
as a covariate considering that antidepressant medications may
also contribute to morbidity and mortality (Smoller et al., 2009;
Whang et al., 2009; Hamer et al., 2011).

STATISTICAL ANALYSIS
Statistical analysis was conducted using IBM SPSS Statistics Ver-
sion 21. Participant characteristics were examined using indepen-
dent samples t-tests and one-way analyses of variance (ANOVA)
for contrasts involving continuous dependent measures, and χ2

statistics for categorical variables. Tukey’s HSD was used to cor-
rect for multiple comparisons and aid interpretation of ANOVA’s,
while standardized residuals (z-scores) were used to help interpret
chi-square tests on larger contingency tables (as per Field, 2013).
A series of logistic regression analyses were then used to estimate
the odds ratios and 95% confidence intervals for the association
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between CMD and CHD, before and after adjustment for covari-
ates. These initial analyses were followed up by sensitivity analysis
on the specific mental disorder groupings. Unadjusted analyses
(Model 1) were conducted on CMD, as well as specific mental
disorder groupings, with no other predictors. Adjusted multivari-
ate analyses (Model 2) involved hierarchical (blockwise) logistic
regression analysis on a priori selected covariates (as described
in previous section). Each covariate grouping (i.e., sociode-
mographic information, lifestyle/behavioral characteristics, risk
factors, and medications) was entered into a successive block;
mental disorders were entered into the final block. Variables in
each block were entered simultaneously using the forced entry
method to assess the independent contribution of each predic-
tor over and above all other predictors entered in the same block.
Finally, additional sensitivity analyses were conducted for subtypes
of CHD including stable angina pectoris, MI, and coronary revas-
cularisation to determine the consistency of associations across
these distinct categories of CHD. Again, these analyses involved
hierarchical (blockwise) logistic regression analysis adjusting for
covariate groupings (as per Model 2).

RESULTS
PARTICIPANT CHARACTERISTICS
Table 1 summarizes participant characteristics by CHD status.
Compared to participants without CHD (n = 14,366), those with
CHD (n = 721) were older, black, less educated, and male. They
engaged in less physical activity, were heavier, more likely to have
smoked (or to be a smoker), have DM, hypertension, dyslipidemia,
or a CMD and to be medicated with antidepressants. When group-
ings of mental disorders were examined, comorbid MDD and
anxiety was significantly associated with CHD. Table 2 presents
participant characteristics according to whether or not partici-
pants were identified as having a CMD. Compared to those without
CMD (n = 11,058), participants with CMD (n = 4,036) were
more likely to be younger, less educated, and female. They were
less likely to be white, engaged in less physical activity, and were
heavier. They were more likely to have smoked (or to be a smoker),
to have DM or CHD, and to be medicated with antidepressants.
Table 3 provides finer grained detail on participant characteristics
by specific mental disorder groupings including MDD (n = 179),
GAD (n = 1,458), phobias (n = 156), PD (n = 74), MADD
(n = 1914), comorbid MDD, and anxiety disorders (n = 451)
as well as controls.

ASSOCIATION BETWEEN MENTAL DISORDERS AND CHD
Table 4 describes the results of unadjusted and fully adjusted
logistic regression analyses assessing the association of CMD
as well as mental disorder groupings relative to those without
mental disorders. Model 1 provides the results of unadjusted
analyses conducted for CMD [model χ2(1) = 26.53, p = 0.001]
and specific mental disorder groupings [model χ2(6) = 32.16,
p < 0.001]. Model 2 refers to adjusted analyses for CMD [model
χ2 (17) = 708.25, p < 0.001; block χ2 (1) = 43.76, p < 0.001] and
mental disorder groupings [model χ2 (22) = 686.87, p < 0.001;
block χ2 (6) = 43.06, p < 0.001]. In the fully adjusted model
(model 2), the odds of CHD were most robust for those
with comorbid MDD and anxiety disorders (OR: 2.99, 95%

CI = 2.10–4.28), followed by those participants with MDD (OR:
2.14, 95% CI = 1.17–3.95), participants with GAD (OR: 1.41,
95% CI = 1.07–1.85), and participants that displayed symp-
toms of both anxiety and depression, but did not meet the
criteria of either diagnosis separately (MADD; OR: 1.53, 95%
CI = 1.20–1.94). Participants with comorbid MDD and anxi-
ety disorders display a greater association with CHD, than GAD
and MADD (i.e., confidence intervals do not overlap), but
not MDD.

ASSOCIATION BETWEEN MENTAL DISORDERS AND CHD SUBTYPES
Table 5 reports results for additional sensitivity analyses on stable
angina pectoris, MI, and coronary revascularization.

For angina, there was a significant association with CMD
[model χ2(17) = 199.51, p < 0.001; block χ2(1) = 35.49,
p < 0.001], and mental disorder groupings [model χ2(22) =
189.43, p < 0.001; block χ2(6) = 27.57, p < 0.001] after full adjust-
ment. Results indicate that MDD, GAD, MADD, and comorbid
MDD and anxiety disorders are associated with angina; odds were
most robust for the comorbid group (OR: 2.98, 95% CI = 1.83–
4.83), followed by MDD (OR: 2.87, 95% CI = 1.36–6.04), GAD
(OR: 1.58, 95% CI = 1.09–2.31), and MADD (OR: 1.64, 95%
CI = 1.18–2.29). It should be noted that confidence intervals are
overlapping for each of these groups, so we cannot say with cer-
tainty that one group displays a ‘greater’ association with CHD
over another.

For MI, there was a significant association with CMD [model
χ2(17) = 447.07, p < 0.001; block χ2(1) = 10.32, p < 0.001), and
mental disorder groupings [model χ2(22) = 442.72, p < 0.001;
block χ2(6) = 18.41, p = 0.005] after full adjustment. Results
indicate that MADD and Comorbid groupings are associated with
MI; odds were most robust for the Comorbid group (OR: 3.051,
95% CI = 1.74–5.34) followed by the MADD group (OR: 1.54,
95% CI = 1.05–2.26). Again, confidence intervals are overlapping
for Comorbid and MADD groupings, thus we cannot say that
the Comorbid group displays a ‘greater’ association with MI, than
MADD. For coronary revascularisation, there was a significant
association with CMD [model χ2(17) = 483.15, p < 0.001; block
χ2(1) = 4.88, p = 0.027], and mental disorder groupings [model
χ2(22) = 479.79, p < 0.001; block χ2(6) = 15.01, p = 0.02]
after full adjustment. Results indicate that the Comorbid group
only is associated with coronary revascularisation (OR: 3.087, 95%
CI = 1.67–5.71)

DISCUSSION
The goal of this study was to determine the associations between
CMD, specific mood and anxiety disorder groupings, and CHD in
a large cohort of participants recruited for the ELSA-Brasil project.
Major findings highlight a significant association between CMD
and CHD (OR: 1.83, 95% CI = 1.53–2.18), even after full adjust-
ment for sociodemographic variables, lifestyle and behavioral
characteristics, and additional risk factors including dyslipidemia,
hypertension, diabetes, and medication use. Further analysis
revealed that this association is most apparent in MDD, GAD,
MADD and comorbid MDD, and anxiety. No significant associa-
tions were observed for phobias or PD. The association was most
robust for those with comorbid MDD and anxiety (OR: 2.99, 95%
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Table 1 | Participant characteristics by coronary heart disease (CHD) status1.

Characteristics No CHD (n = 14366, 93%) CHD (n = 721, 7%) Statistic

Age, mean (SD) 51.75 (8.97) 58.71 (8.75) t (15085) = 20.34, p < 0.001

Women (%) 54.9 45.5 χ2(1) = 24.28, p < 0.001

Education (%)

Less than high-school

High-school

College

12.1

34.7

53.2

23.6

33.6

42.9

χ2(2) = 85.03, p < 0.001

Race (%)

White

Mixed

Black

Asiatic

Indigenous

52.4

28.2

15.9

2.5

1.0

50.1

27.1

19.2

2.1

1.6

χ2(4) = 7.76, p = 0.101

Smoker (past or current) (%) 42.5 55.9 χ2(1) = 50.39, p < 0.001

Physical activity

Low

Moderate

High

76.9

13.9

9.2

77.7

16.0

6.3

χ2(2) = 8.59, p = 0.014

Body mass index (kg/m2), mean

(SD)

26.95 (4.74) 28.40 (4.82) t (15079) = 7.99, p < 0.001

Antidepressant status (yes) (%) 6.0 8.7 χ2(1) = 8.39, p = 0.004

Diabetes mellitus (DM; yes) (%) 18.8 37.7 χ2(1) = 156.38, p < 0.001

Hypertension (yes) (%) 34.0 70.0 χ2(1) = 384.40, p < 0.001

Dyslipidemia (yes) (%) 56.9 75.9 χ2(1) = 101.50, p < 0.001

Mental disorder status (%)

No mental disorder

Common mental disorder (CMD)

73.7

26.3

64.8

35.2

χ2(1) = 28.04, p < 0.001

Mental disorder groupings2 (%)

MDD

GAD

Phobias

PD

MADD

Comorbid

1.2

9.9

1.0

0.5

13.0

2.9

2.0

10.2

1.5

0.7

14.6

6.6

χ2(1) = 20.05, p = 0.003

1Some proportions might not add up to 100% due to rounding, and small numbers of participants with missing data. 2Participants categorized into major depressive
disorder (MDD), generalized anxiety disorder (GAD), and panic disorder (PD) did not have additional comorbidity. The Phobias category includes Agoraphobia with
or without panic disorder, Social Phobias and Specific Phobias. mixed anxiety and depressive disorder (MADD) includes participants who display symptoms of both
anxiety and depression, but do not meet the criteria of either diagnosis separately, while the Comorbid group (comorbid anxiety and depression) includes participants
that meet criteria for MDD and any anxiety disorder.

CI = 2.10–4.28), followed by MDD (OR: 2.14, 95% CI = 1.17–
3.95), MADD (OR: 1.53, 95% CI = 1.1.20–1.94), and GAD (OR:
1.41, 95% CI = 1.07–1.85). Notably, participants with comor-
bid MDD and anxiety disorders display a greater association with
CHD, than GAD and MADD, but not MDD, a specific finding
that we discuss further below. Examination of CHD subtypes also
revealed important information; while MDD, GAD, MADD and
comorbid MDD, and anxiety were associated with a significant
increase in odds for angina, only those with comorbid MDD and

anxiety disorders and MADD displayed an increase in odds for
MI and coronary revascularisation. In summary, findings high-
light (1) strong associations between psychiatric comorbidity and
CHD in Brazil, (2) associations for MDD and GAD, in addition to
MADD and the comorbid group, with angina (without a history
of MI or revascularisation), emphasizing the need for close moni-
toring of these individuals to avoid further adverse events, and (3)
that psychiatric comorbidity is associated with MI and coronary
revascularization.
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Table 2 | Participant characteristics by CMD status1.

Characteristics No CMD (n = 11058, 73%) CMD (n = 4036, 27%) p-value

Age, mean (SD) 52.60 (9.22) 50.70 (8.53) t (7703.15) = 11.85, p < 0.001

Women (%) 49.2 68.7 χ2(1) = 451.06, p < 0.001

Education (%)

Less than high-school

High-school

College

12.3

32.0

55.7

14.0

41.7

44.3

χ2(2) = 160.27, p < 0.001

Race (%)

White

Mixed

Black

Asiatic

Indigenous

54.7

26.6

15.0

2.8

0.9

45.3

32.4

19.1

1.8

1.4

χ2(4) = 133.98, p < 0.001

Smoker (past or current) (%) 42.3 45.2 χ2(1) = 10.26, p < 0.001

Physical activity

Low

Moderate

High

74.4

15.3

10.4

84.1

10.3

5.5

χ2(2) = 164.39, p < 0.001

Body mass index (kg/m2), mean (SD) 26.84 (4.61) 27.58 (5.08) t (6602.94) = 8.31, p < 0.001

Antidepressant status (yes) (%) 4.6 10.5 χ2(1) = 180.53, p < 0.001

DM (yes) (%) 19.1 21.2 χ2(1) = 8.078, p = 0.004

Hypertension (yes) (%) 35.7 36.0 χ2(1) = 0.082, p = 0.775

Dyslipidemia (yes) (%) 58.3 56.4 χ2(1) = 4.64, p = 0.031

CHD status (%)

No

Yes

95.8

4.2

93.7

6.3

χ2(1) = 28.04, p < 0.001

1Some proportions might not add up to 100% due to rounding, and small numbers of participants with missing data.

The most robust associations with CHD were observed in those
individuals with psychiatric comorbidity. It is worth noting here
that the combined presence of anxious and depressive symptoms
is associated with more than a twofold increased risk of mortality
in patients with ischemic heart disease (Doering et al., 2010), rel-
ative to those who were free from psychiatric symptoms. We have
previously shown that reduced heart rate variability – a predic-
tor of future mortality – is most reduced in MDD patients with
GAD (Kemp et al., 2012), demonstrating the adverse effects of
distinctive clinical features including a depressive episode, persis-
tent worry, and hypervigilance on cardiac function (see also Kemp
et al., 2014). In the present study, we also observed that only dis-
orders with concurrent anxiety and depression (comorbid MDD
and anxiety, and MADD) also displayed associations with ‘hard’
CHD endpoints including MI and coronary revascularisation.
While our findings are consistent with studies from high-income
countries (e.g., Vogelzangs et al., 2010), highlighting greater asso-
ciations with comorbid anxiety and depression, our study also
highlights associations with CHD in participants without psychi-
atric comorbidity. In particular, we observed associations between

MDD and GAD, and CHD, further highlighting the importance
of non-comorbid, chronic depression, and generalized anxiety,
rather than disorders involving heightened phasic anxiety (the
phobias and panic disorder). These findings further suggest that
characteristic features of depression (anhedonia), generalized anx-
iety (anxious apprehension), and psychiatric comorbidity (trait
negative affect) may all contribute to the associations we observed
here in Brazil.

Prior research has indicated that Brazil is a country where
depression (and presumably anxiety) is most often somaticized
(Simon et al., 1999; see also Mari et al., 2013). While this sug-
gests that the associations we observed here may in part, reflect
an overlap of somatic symptoms observed in mental illness and
physical disease, the importance of this finding should not be
minimized. Prognosis for patients with angina is not benign; in
fact, it is no better than those with MI and/or revascularization
(e.g., Buckley and Murphy, 2009). Some limitations of this study
are worth noting here. These include the cross-sectional design
of the study, generalizability of the sample beyond civil servants
in Brazil, and the possibility of undetected or undiagnosed CHD
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Table 4 | Unadjusted (model 1) and adjusted (model 2) associations of mental disorders with CHD.

CHD: model 1a (n = 721) CHD: model 2b (n = 721)

Predictor N OR 95% CI p-value N OR 95% CI p-value

Common mental disorder (CMD)

No CMD 11050 REF 10631 REF

CMD 4026 1.526 1.304–1.787 <0.001 3869 1.829 1.535–2.179 <0.001

Mental disorder groupings

No mental disorder 10405 REF 10012 REF

MDD 179 1.908 1.097–3.320 0.022 170 2.144 1.165–3.945 0.014

Phobias 156 1.540 0.806–2.944 0.191 151 1.555 0.763–3.169 0.224

PD 74 1.630 0.654–4.059 0.845 73 1.433 0.553–3.708 0.459

GAD 1457 1.135 0.877–1.469 0.337 1394 1.405 1.068–1.849 0.015

MADD 1914 1.240 0.992–1.549 0.059 1844 1.528 1.203–1.941 0.001

Comorbid 451 2.492 1.806–3.440 <0.001 434 2.994 2.096–4.275 <0.001

aModel 1 relates to separate unadjusted analyses for CMD and specific mental disorder groupings including MDD, Phobias, panic disorder (PD), generalized anxiety
disorder (GAD), mixed anxiety and depressive disorder (MADD), and Comorbid MDD and any anxiety disorder. bModel 2 relates to analyses adjusted for sociode-
mographic variables (age, sex, years of education, ethnicity), lifestyle and behavioral characteristics (smoking status, physical activity, body mass index), risk factors
(hypertension, diabetes, dyslipidemia), and medications for lipid reduction, hypertension, diabetes, and mental disorders (antidepressants).

Table 5 | Association between mental disorders and CHD subtypes fully adjusted for sociodemographic variables, lifestyle and behavioral

characteristics, risk factors, and medications.

Angina (n = 305) Myocardial infarction (MI) (n = 259) Coronary revascularisation (n = 239)

Predictor N OR 95% CI p-value N OR 95% CI p-value N OR 95% CI p-value

Common mental disorder (CMD)

No CMD 10358 REF 10634 REF 10635 REF

CMD 3755 2.134 1.671–2.724 <0.001 3877 1.615 1.213–2.151 0.001 3878 1.431 1.048–1.954 0.024

Mental disorder groupings

No mental disorder 9754 REF 10014 REF 10015 REF

MDD 165 2.866 1.359–6.043 0.006 170 2.142 0.818–5.611 0.121 170 0.427 0.057–3.215 0.408

Phobias 146 1.616 0.585–4.469 0.355 152 2.191 0.843–5.696 0.107 152 0.470 0.063–3.490 0.461

PD 71 2.117 0.648–6.914 0.214 73 0.615 0.081–4.653 0.637 73 1.691 0.381–7.503 0.489

GAD 1362 1.588 1.092–2.310 0.015 1395 1.219 0.759–1.957 0.413 1395 1.330 0.818–2.162 0.250

MADD 1795 1.639 1.175–2.286 0.004 1847 1.536 1.045–2.255 0.029 1847 1.447 0.951–2.201 0.084

Comorbid 412 2.976 1.831–4.834 <0.001 436 3.051 1.743–5.342 >0.001 436 3.087 1.668–5.713 <0.001

considering that classification of CHD was based on self-report.
The cross-sectional design of the study makes it impossible to
determine whether the mood and anxiety disorders preceded CHD
or vice versa. That said, the literature suggests that the relationship
between MDD (and anxiety) and CHD is bidirectional and recip-
rocal (Nemeroff and Goldschmidt-Clermont, 2012; Ramasubbu
et al., 2012a; Stapelberg et al., 2012). We also note that the ELSA-
Brasil cohort captures the racial, social, and regional diversity in
the Brazilian population (see Schmidt et al., 2014), highlighting
the relevance of the present study’s findings for developing coun-
tries. It is possible, however, that non-diagnosed CHD is lower in
our sample, than for the general Brazilian population, as the civil
servants who participated in our study have more access to health
services. It is possible therefore that the associations we observe

here are lower than those that might be observed in the general
Brazilian population. Indeed, it has been noted previously that
there is a low identification rate for depression and other CMDs in
Brazil (Mari et al., 2013; see also Mari et al., 1987; Busnello et al.,
1999).

There are a number of potential explanations for the associ-
ations we observed between the CMD (and specific diagnostic
groupings) and CHD including psychosocial and biological fac-
tors. Brazil currently faces major social challenges, which may
contribute to chronic stress and increased morbidity (de Jesus
Mari, 2014), strengthening the associations between mental disor-
ders and CHD we observed here, in comparison to high-income
countries. In addition to income inequality (Filho et al., 2013),
personal safety remains an issue of great concern. For example,
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findings from a representative sample of 15 to 75-year old res-
idents of São Paulo and Rio de Janeiro in Brazil indicated
that psychiatric disorders and traumatic events, especially vio-
lence, are extremely common (Ribeiro et al., 2013). Nearly 90%
of participants surveyed in that study faced a lifetime expo-
sure to actual or threatened death, and these traumatic events
correlated with all psychiatric diagnoses. These results are par-
ticularly relevant in light of other research (Russ et al., 2012)
highlighting a dose-response association between psychologi-
cal distress and increased risk of mortality from a variety of
causes including CVD, cancer and external causes over 8 years.
Biological factors may also underpin associations between the
mood and anxiety disorders and CHD including autonomic
dysfunction, a hyperactive hypothalamic-pituitary-adrenal axis,
increased activity in the sympatho-adreno-medullary activity,
increased inflammation, and platelet activation and aggregation
(Nemeroff and Goldschmidt-Clermont, 2012; Ramasubbu et al.,
2012a; Stapelberg et al., 2012; Lichtman et al., 2014). Decreases
in heart rate variability indicative of autonomic dysfunction may
provide a structural link between emotional disturbance and
failure to appropriately regulate inflammatory processes leading
to increased morbidity and mortality from a host of disorders
including CVD’s (Kemp and Quintana, 2013). Disturbances in the
immune system may also lead to depression (Dantzer et al., 2008),
highlighting the bidirectional relationships between the mental
disorders, and physical disease.

Our study is characterized by a number of strengths includ-
ing a focus on a relatively large and well-characterized sample
of the Brazilian population, consideration of a variety of specific
mood and anxiety disorder groupings, application of a structured
clinical interview – rather than self-report – to determine psychi-
atric diagnoses, and adjustment for a host of covariates known
to contribute to metabolic and cardiovascular risk. Recently, we
reported that that use of tricyclic antidepressants is associated
with a twofold increase in prevalent CHD, above and beyond
severity of mood and anxiety symptoms (Kemp et al., 2015).
Importantly, we demonstrate here that the association between
mood and anxiety disorders, and CHD is above and beyond use
of antidepressant medications including tricyclic antidepressants.
A recent statement by the Canadian Network for Mood and Anx-
iety Treatments (CANMAT) task force (Ramasubbu et al., 2012b)
highlights the bidirectional relationship between the mood and
anxiety disorders, and a variety of medical conditions includ-
ing cardiovascular disease, cerebrovascular disease, cancer, human
immuno-deficiency virus, hepatitis C virus, migraine, multiple
sclerosis, epilepsy, and osteoporosis. Given the increased risks for
morbidity and mortality associated with comorbid psychiatric and
medical conditions, future studies are needed to better understand
the pathways underpinning their comorbidity, with a goal toward
developing more effective preventive strategies and treatments.
Interested readers are referred to recent guidelines for pharmaco-
logical and psychosocial management in low and middle-income
countries (Mari et al., 2013). In conclusion, the present study pro-
vides important new information on the association between the
mental disorders and CHD in Brazil. Findings indicate that the
most robust association with CHD relates to symptomatic and
diagnostic, psychiatric comorbidity, although an association with

MDD and GAD was also observed. Both MDD and GAD were
found to be associated with an increase in the odds for CHD over-
all as well as angina pectoris, which may have adverse implications
for the future health of ELSA-Brasil participants. Considering that
comorbid psychiatric illness and CHD is associated with increased
morbidity and mortality (Lichtman et al., 2014), findings reinforce
a need for, and the importance of, comprehensive health assess-
ment in Brazil, a country that faces major social challenges and
inequities.
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Background: Recent studies have highlighted associations between use of antidepres-
sant medications and coronary heart disease (CHD).Tricyclic antidepressants (TCA) are not
recommended in patients with CHD as they may increase morbidity and mortality. How-
ever, this class of antidepressants is freely prescribed in public health pharmacies, while
access to other classes of antidepressants is restricted in Brazil. Here, we examine the
associations between antidepressant use and prevalent CHD in a large cohort from Brazil.

Methods: Participants included 14,994 civil servants aged 35–74 years from the baseline
assessment of the Brazilian Longitudinal Study of Adult Health (ELSA-Brasil). CHD (n=710)
included stable angina, myocardial infarction, and coronary revascularization. Univariate
(unadjusted) and multivariate (adjusted) logistic regression analyses were conducted to
estimate odds ratios and confidence intervals.

Results: After full adjustment for covariates, TCA use (n=156) was associated with a
twofold increase in prevalent CHD, relative to non-use (n=14,076). Additional sensitiv-
ity analysis revealed a threefold association for myocardial infarction (OR: 2.96, 95% CI:
1.41–6.21) and coronary revascularization (OR: 2.92, 95% CI: 1.28–6.66). There were no
significant associations between antidepressant use and stable angina pectoris.

Conclusion: Findings highlight a strong association betweenTCA use and prevalent CHD.
While the cross-sectional design is an important limitation of the present study, findings
have important implications for the treatment of cardiac patients in Brazil.

Keywords: tricyclic antidepressants, coronary heart disease, Brazil, cross-sectional design, clinical epidemiology,
TCA, CHD

INTRODUCTION
Coronary heart disease (CHD) and major depressive disorder
(MDD) are leading burdens of disease (1) and the relationship
between these disorders is bidirectional: patients with CHD have
more MDD than the general population, while those with MDD
are more likely to develop CHD (2, 3). Critically, comorbid-
ity between CHD and MDD increases risk of further morbidity
and mortality (4). Other studies have highlighted the association
between CHD and the anxiety disorders (5, 6). Antidepressant use
in patients with CHD is controversial. While use of tricyclic antide-
pressants (TCA) is not recommended (7), research indicates that
all classes of antidepressant medications may have adverse car-
diac effects (8, 9) [but see Ref. (10, 11) in regards to the selective
serotonin reuptake inhibitor, or SSRI, antidepressant class]. The
selective serotonin reuptake inhibitors are generally considered to
be the safest class of antidepressants for use in cardiac patients
(12) when needed. Here, we examine the association between

antidepressant use and prevalent CHD in a large epidemiological
cohort from Brazil.

The cardiovascular risks of TCA are well known (13). Although
initially it was believed that TCAs could suppress arrhythmias in
depressed patients with pre-existing arrhythmias, this belief was
revised more than 20 years ago (13). The TCAs are also potent
antagonists of muscarinic acetylcholine receptors (14) at the sinoa-
trial node of the heart leading to a decrease in parasympathetic
activity, disinhibition of sympathetic nervous system activity, and
tachycardia (15), which may lead to adverse cardiovascular events.
While an earlier case–control study (16) reported that TCAs
only increased the risk of myocardial infarction within the initial
28 days of antidepressant use, more recent research (17) demon-
strated that use of TCAs are associated with a 35% increased risk
of cardiovascular death over an 8-year follow-up period in ini-
tially healthy individuals. Consistent with this body of literature, a
recent consensus statement from the National Heart Foundation
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of Australia (7), a high-income country, recommends that TCA be
avoided in patients with CHD and depression.

While recommendations are helpful, they are difficult to apply
in less-developed countries. Brazil is an upper-middle-income
country facing major social challenges that may impact on the
associations between CHD and antidepressant use. We have
reported previously (18) that only 14 and 16.5% of patients in
Brazil with generalized anxiety and MDD, respectively, take anti-
depressant medication. We also observed that while SSRIs were
prescribed twice more frequently than tricyclic medications, anti-
depressant use was related to having private health insurance. TCA
are freely dispensed in public health pharmacies in Brazil, while
most of the SSRI medications are not, with the exception of fluox-
etine and, in some regions of Brazil including São Paulo, sertraline
(18, 19). (The list of medicines supplied by the Brazilian Unified
Health System, or SUS, in São Paulo is available here: http://www2.
hu.usp.br/confira-lista-de-medicamentos-do-sus/.) TCA there-
fore play an important role in treating depression, as well as
a variety of other conditions including neuropathic pain and
fibromyalgia (20) in Brazil. This context provides an important
background for the current study, which sought to determine the
associations between use of antidepressant medications and preva-
lent CHD in the Brazilian Longitudinal Study of Adult Health
(ELSA-Brasil) (21, 22) cohort. We examine associations in the
cohort at baseline to provide an important foundation for future
prospective analyses on this cohort.

MATERIALS AND METHODS
PARTICIPANTS
ELSA-Brasil is a cohort of 15,105 civil servants aged 35–74 years
enrolled between August 2008 and December 2010 at six cities
(Belo Horizonte, Porto Alegre, Rio de Janeiro, Salvador, Sao Paulo,
and Vitoria) designed to investigate the relationship between car-
diovascular diseases and diabetes, their social determinants, and
risk factors. The study design and sampling procedures of ELSA-
Brasil have been reported previously (21, 22). A total of 14,994
participants are reported here after dropping a relatively small
number of cases (n= 111) with missing data on variables that
were included in analyses.

ETHICS STATEMENT
The ethics committees of the participating universities as well as
the National Research Ethics Committee approved the research
protocol. All participants provided written informed consent after
a complete description of the study.

PSYCHIATRIC EVALUATION
Mental disorders were determined by trained interviewers using
the Portuguese version (23) of the Clinical Interview Schedule-
Revised (CIS-R) (24). This is a structured interview used for
diagnosis of common, non-psychotic psychiatric conditions in
the community. The complete CIS-R version was applied, sever-
ity scores were obtained, and common mental disorder sta-
tus (CIS-R scores ≥12), determined. Antidepressant medications
[Anatomical Therapeutic Chemical (ATC) Classification code:
N06A] included the selective serotonin reuptake inhibitors (SSRI,
ATC code: N06AB), the serotonin and noradrenaline reuptake

inhibitors (SNRIs, ATC codes: N06AX16/N06AX23/N06AX21),
the TCA (ATC code: N06AA), and other antidepressants
(N06AX22, N06AX12, N06AA21, N06AX05, N06AX11). Individ-
uals taking at least one antidepressant medicine continuously in
the past 2 weeks were classified as users.

CORONARY HEART DISEASE ASSESSMENT
Coronary heart disease (CHD) included participants with sta-
ble angina pectoris, myocardial infarction, and coronary revas-
cularization determined through questionnaire- and intensive
interview-based assessment focusing on medical history. All prior
CHD were self-referred by the patients during the structured inter-
view. For the current analysis, prevalent CHD was defined as
a prior history of a physician diagnosed myocardial infarction,
a prior percutaneous coronary intervention including balloon
angioplasty with or without stent placement, a prior surgical revas-
cularization consisting of either arterial or venous grafts and the
history of stable angina as defined by a physician taking care of the
participant prior to the inclusion in the ELSA study. The outcome
of coronary revascularization was defined as either a percutaneous
coronary intervention or a surgical revascularization as previously
described.

STATISTICAL ANALYSIS
Statistical analysis was conducted using IBM SPSS Statistics Ver-
sion 21. Participant characteristics were examined using indepen-
dent samples t -tests and one-way analyses of variance (ANOVA)
for contrasts involving continuous dependent measures, and χ2

statistics for categorical variables. Degrees of freedom were cor-
rected when Levene’s Test for Equality of Variances was violated.
Tukey’s HSD is reported to correct for multiple comparisons and
aid interpretation of ANOVA’s, while standardized residuals (z-
scores) were used to help interpret chi-square tests on larger
contingency tables [as per Ref. (25)].

A series of univariate and multivariate, binary, logistic regres-
sion analyses were then used to estimate the odds ratios and 95%
confidence intervals for the association between antidepressant
use as the independent variable (IV) and prevalent CHD (no, yes)
as the dependent variable (DV), before and after adjustment for
covariates. Unadjusted (univariate) and adjusted (multivariate)
analyses were also conducted on specific classes of antidepres-
sants (IV) including the SSRIs, the SNRIs, tricyclic medications
and others, and prevalent CHD (no, yes) (DV). Unadjusted uni-
variate, binary, logistic regression analyses (model 1) were con-
ducted on antidepressant use (no versus yes), as well as classes of
antidepressants, with no other predictors. Adjusted multivariate
analyses (model 2) involved binary logistic regression analysis in
which covariates were entered into the first block using the enter
method, and antidepressant use was entered into the second (final)
block, a technique known as sequential logistic regression analy-
sis. Covariates included age, sex, education (less than high-school,
high-school, university), smoking status (never, past/current),
body mass index (BMI; weight in kilograms divided by height in
meters squared), hypertension (systolic blood pressure ≥140 mm
Hg, or diastolic blood pressure ≥90 mm Hg, or use of antihy-
pertensive medications), diabetes mellitus (DM) (self-reported
or fasting blood glucose ≥126 mg/dL, 2-h oral glucose tolerance
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test ≥200 mg/dL, or glycated hemoglobin ≥6.5%), and severity
of mood and anxiety disorders. Sequential, logistic regression
analysis is a common approach that allows for the independent
contribution of antidepressant use over and above covariates to be
determined (26). Statistics from multivariate analyses are reported
for the overall model and block (after adjusting for covariates).
The block statistic indicates whether or not the IV of inter-
est (antidepressant use/class) is significantly associated with the
dependent measure, CHD. Sensitivity analyses were conducted for
specific CHD events to determine the consistency of associations
across distinct categories of CHD. Sensitivity analyses involved
sequential, binary logistic regression analysis in which covariates
were entered into block 1 using the enter method, followed by
antidepressant use in block 2 (as per model 2).

RESULTS
PARTICIPANT CHARACTERISTICS
Table 1 summarizes participant characteristics by CHD status,
while Table 2 presents participant characteristics according to

antidepressant use. Prevalent CHD was characterized by older
age, more men, less education, more smokers, higher BMI, more
individuals with DM, hypertension and common mental disor-
der, higher CIS-R score, and antidepressant use. Antidepressant
use was characterized by older age, more women, more education,
more smokers, more individuals with CHD and common mental
disorder, and higher CIS-R score. Table 3 provides a more detailed
breakdown of participant characteristics by antidepressant class.
Notably, TCA use is characterized by more women, fewer individu-
als with college-level education and more with CHD and common
mental disorder, and a higher CIS-R score.

ASSOCIATION BETWEEN ANTIDEPRESSANT USE AND PREVALENT CHD
Table 4 describes results of analyses assessing the associa-
tion of antidepressant medications with prevalent CHD. Model
1 relates to the results of unadjusted analyses for antide-
pressant use [model χ2(1)= 7.12, p= 0.008] and antidepres-
sant class [model χ2(4)= 14.03, p= 0.007], while model 2
relates to results adjusted for covariates [antidepressant use,

Table 1 | Participant characteristics by CHD status (N = 14,994).

Characteristics No CHD (n = 14,284, 95%) CHD (n = 710, 5%) Statistic

Age, mean (SD) 51.75 (8.97) 58.66 (8.74) t (14,992)=20.07, p < 0.001

Women (%) 54.8 45.5 χ2(1)=23.45, p < 0.001

Education (%) χ2(2)=85.16, p < 0.001

Less than high-school 12.1 23.7*

High-school 34.8 33.8

College 53.1 42.5*

Smoker (past or current) (%) 42.5 56.1 χ2(1)=50.77, p < 0.001

Body mass index (kg/m2), mean (SD) 26.95 (4.74) 28.37 (4.80) t (14,992)=7.76, p < 0.001

Diabetes mellitus (yes) (%) 18.7 37.9 χ2(1)=157.21, p < 0.001

Hypertension (yes) (%) 34.0 70.0 χ2(1)=382.49, p < 0.001

Common mental disorder (yes) (%) 26.2 35.5 χ2(1)=29.86, p < 0.001

CIS-R Score, mean (SD) 8.08 (7.86) 10.34 (9.61) t (756.82)=6.18, p < 0.001

Antidepressant use (yes) (%) 6.0 8.6 χ2(1)=7.91, p=0.005

CIS-R, Clinical Interview Schedule-Revised. *Refers to categories with standardized residuals (z-scores) lying outside±1.96 reflecting a significance value of p < 0.05.

Table 2 | Participant characteristics by antidepressant use (N = 14,994).

Characteristics No (n = 14,076, 94%) Yes (n = 918, 6%) p-Value

Age, mean (SD) 51.97 (9.07) 53.70 (9.14) t (14,992)=5.59, p < 0.001

Women (%) 52.9 76.4 χ2(1)=191.32, p < 0.001

Education (%) χ2(2)=34.90, p < 0.001

Less than high-school 13.0 7.8*

High-school 35.0 31.2

College 52.0 61.0*

Smoker (past or current) (%) 42.9 47.1 χ2(1)=6.15, p=0.013

Body mass index (kg/m2), mean (SD) 27.01 (4.75) 27.09 (4.76) t (14,992)=0.48, p=0.632

Diabetes mellitus (yes) (%) 19.8 17.8 χ2(1)=2.20, p=0.138

Hypertension (yes) (%) 35.6 36.5 χ2(1)=0.28, p=0.596

CHD status (yes) (%) 4.6 6.7 χ2(1)=8.39, p=0.004

Common mental disorder (yes) (%) 25.4 45.6 χ2(1)=180.59, p < 0.001

CIS-R Score, mean (SD) 7.92 (7.75) 12.27 (9.90) t (991.68)=13.06, p < 0.001

CIS-R, Clinical Interview Schedule-Revised. *Refers to categories with standardized residuals (z-scores) lying outside±1.96 reflecting a significance value of p < 0.05.
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Table 3 | Participant characteristics by antidepressant grouping (N = 14,994).

Characteristics CTL

(n = 14,076)

SSRI

(n = 567)

SNRI

(n = 100)

TCA

(n = 156)

Other

(n = 95)

p-Value

Age, mean (SD) 51.97 (9.07) 53.70* (9.36) 55.48* (8.60) 53.42 (8.45) 52.26 (9.33) F (4,14,993)=9.41, p < 0.001

Women,% 52.9* 77.8* 81.0* 75.0* 65.3 χ2(4)=197.48, p < 0.001

Education (%) χ2(8)=80.32, p < 0.001

Less than high-school 13.0 6.7* 4.0* 15.4 6.3

High-school 35.0 28.6* 23.0* 47.4* 28.4

College 52.0 64.7* 73.0* 37.2* 65.3

Smoker (past or current) (%) 42.9 47.1 40.0 47.4 53.7 χ2(4)=9.89, p=0.042

BMI (kg/m2), mean (SD) 27.01 (4.75) 27.12 (4.89) 27.68 (4.62) 26.83 (4.06) 26.69 (5.21) F (4,14,993)=0.731, p=0.571

Hypertension (yes)% 35.6 34.9 45.0 38.5 33.7 χ2(4)=4.64, p=0.33

Diabetes (yes)% 19.8 17.3 18.0 20.5 15.8 χ2(4)=3.27, p=0.51

CHD (yes) (%) 4.6 6.3 3.0 10.9* 5.3 χ2(4)=17.61, p=0.001

Common mental disorder (yes) (%) 25.4* 45.0* 43.0* 46.2* 51.6* χ2(4)=182.81, p < 0.001

CIS-R Score, mean (SD) 7.92 (7.75) 12.17 (9.70)* 12.19 (10.51)* 12.48 (10.24)* 12.55 (9.94)* F (4,14,993)=65.42, p < 0.001

*Refers to one-way ANOVA in which each group is compared to controls (Tukey’s HSD, p < 0.05) or standardized residuals (z-scores) from χ2 statistics lying

outside± 1.96 reflecting a significance value of p < 0.05.

Table 4 | Unadjusted (model 1)a and adjusted (model 2)b associations between antidepressant use and CHD (N = 14,994).

Predictor N CHD: model 1a (n = 710) N CHD: model 2b (n = 710)

OR 95% CI p-Value OR 95% CI p-Value

Any antidepressant use

No 14,076 REF 14,076 REF

Yes 918 1.47 1.12–1.93 0.005 918 1.28 0.96–1.71 0.093

Antidepressant groupings

None 14,076 REF 14,076 REF

SSRI 567 1.40 0.99–1.98 0.056 567 1.26 0.87–1.81 0.218

SNRI 100 0.64 0.20–2.02 0.447 100 0.47 0.15–1.52 0.209

TCA 156 2.53 1.52–4.21 <0.001 156 2.15 1.24–3.71 0.006

Other 95 1.15 0.47–2.84 0.763 95 1.03 0.40–2.65 0.949

aModel 1 relates to separate unadjusted analyses for any antidepressant use and specific classes of antidepressant including SSRI (selective serotonin reuptake

inhibitors), SNRI (serotonin and noradrenaline reuptake inhibitors), TCA (tricyclic antidepressants), and other.
bModel 2 relates to analyses adjusted for covariates.

model χ2(10)= 724.85, p < 0.001; block χ2(1)= 2.69, p= 0.101;
antidepressant class, model χ2(10)= 732.04, p < 0.001; block
χ2(4)= 9.88, p= 0.042]. Antidepressant use was associated with
a 1.5-fold increase in the odds of prevalent CHD (95% CI: 1.12–
1.93) (model 1), although this was reduced to a 1.3-fold increase
when adjusting for covariates (95% CI: 0.96–1.71) (model 2). Sen-
sitivity analysis revealed that use of TCAs (OR= 2.53, 95% CI:
1.52–4.21, model 1; OR= 2.15, 95% CI= 1.24–3.71) in particular
is significantly associated with prevalent CHD.

ASSOCIATION BETWEEN ANTIDEPRESSANT USE AND CHD SUBTYPES
Table 5 reports results for the additional specificity analy-
ses on stable angina pectoris [antidepressant use: model
χ2(10)= 223.26, p < 0.001; block χ2(1)= 0.02, p= 0.891; anti-
depressant class: model χ2(13)= 223.26, p < 0.001; block
χ2(4)= 3.02, p= 0.555], myocardial infarction [antidepressant
use: model χ2(10)= 426.90, p < 0.001; block χ2(1)= 0.83,

p= 0.361; antidepressant class: model χ2(13)= 437.14, p < 0.001;
block χ2(4)= 11.07, p= 0.026], and coronary revasculariza-
tion [antidepressant use: model χ2(10)= 440.68, p < 0.001;
block χ2(1)= 6.02, p= 0.014; antidepressant class: model
χ2(13)= 448.41, p < 0.001; block χ2(4)= 13.75, p= 0.008].
While there were no significant associations observed for sta-
ble angina, use of tricyclic medications were associated with a
threefold increase in odds for myocardial infarction as well as coro-
nary revascularization. These additional findings indicate that the
association between TCA use and prevalent CHD is specific to
“hard” CHD events including myocardial infarction and coronary
revascularization.

DISCUSSION
The goal of this study was to determine the associations between
use of antidepressant medications and prevalent CHD in a cohort
of civil servants from Brazil. This is an important goal because
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Table 5 | Fully adjusted association between antidepressant use and CHD subtypes (N = 14,994).

Predictor N Stable angina

(n = 312)a
N Myocardial infarction

(n = 267)

N Coronary

revascularization (n = 255)

OR 95% CI p-Value OR 95% CI p-Value OR 95% CI p-Value

Any antidepressant use

No 13,715 REF 14,076 REF 14,076 REF

Yes 881 0.85 0.54–1.36 0.501 918 1.25 0.78–2.01 0.349 918 1.79 1.15–2.77 0.009

Antidepressant groupings

None 13,715 14,076 REF 14,076 REF

SSRI 546 1.00 0.58–1.71 0.989 567 1.12 0.59–2.10 0.735 567 1.96 1.16–3.34 0.013

SNRI 98 0.30 0.04–2.16 0.229 100 n/a n/a 0.996 100 1.15 0.27–4.85 0.845

TCA 143 1.01 0.37–2.79 0.986 156 2.96 1.41–6.21 0.004 156 2.92 1.28–6.66 0.011

Other 94 1.65 0.59–4.64 0.340 95 0.54 0.07–4.03 0.547 95 n/a n/a 0.996

aThis model excludes 398 participants with myocardial infarction or coronary revascularization.

Brazil currently faces many socioeconomic inequities, which may
impact on antidepressant usage. Major findings indicate that use
of TCA is associated with: (1) a twofold increase in the odds
for prevalent CHD and (2), a threefold increase in the odds for
myocardial infarction and coronary revascularization, after adjust-
ment for covariates. The associated 95% confidence intervals for
TCA use – all of which excluded the null value of 1 – provide sets
of likely values for the odds ratio on which for a repeated study
would most likely fall (on average, a five-in-six chance) (27). Val-
ues close to the sample estimates, however, are ~7 times more likely
to reflect the true population estimate (µ), than values near the
limits of the interval (27). These considerations and the size of the
effects obtained, enhance our confidence in the reported findings
reported here.

While our study highlights a strong relationship between TCA
use and “hard” CHD events, it is important to acknowledge that
some participants in our study may have been using low-dose
TCAs to treat conditions other than mental disorders, such as
chronic/neuropathic pain and sleep issues. Importantly, research
has demonstrated a dose-related increase in sudden cardiac death
in current users of TCAs from 0.97 for doses lower than 100 mg
(amitriptyline or its equivalent) to 2.53 for doses of 300 mg or
more, highlighting that doses of <100 mg does not increase risk
(at least for sudden cardiac death). However, current recommen-
dations indicate that TCAs should be avoided completely in cardiac
patients (7). In Brazil, access to TCAs is free (18, 19), while access
to other classes of antidepressants is restricted suggesting socioe-
conomic reasons that may increase the association between TCA
and prevalent CHD. It is notable that elderly Brazilian patients
with psychiatric disorders are 5.3 times more likely to be using
inappropriate medications (28). We suggest that these previous
findings (28) may help to understand the findings that we report
here, which may indicate problems associated with ongoing health
care of cardiac patients in the Brazilian population.

It is important to acknowledge the cross-sectional design as
an important limitation of the present study. This limitation pre-
cludes any conclusions over the causal relationship between TCA
use and CHD. For instance, it is equally possible that TCA use
preceded the development of CHD consistent with research that

suggests TCAs lead to cardiovascular events [e.g., Ref. (17)] (i.e.,
a biological explanation) beyond that explained by psychiatric
illness, or that TCAs were prescribed after CHD was diagnosed
consistent with research that suggests patients may be inappropri-
ately medicated in Brazil [e.g., Ref. (28)] (i.e., a sociodemographic
explanation). However, regardless of the causal direction of the
relationship between TCA use and CHD, our findings still have
important implications for the treatment of cardiac patients in
Brazil. It is notable here that research from the Netherlands (5),
a high-income country, did not observe a significant associa-
tion between use of TCAs and CHD. The authors noted that
while the adverse cardiovascular effects of TCAs are well known,
a null finding might reflect the contraindication of TCA use in
heart patients. We suggest here that socioeconomic inequities in
Brazil may over-ride recommendations to avoid these medica-
tions in cardiac patients as patients have easier and free access
to this class of antidepressant medications through free public
health care.

Longitudinal research (8) from the Netherlands Study of
Depression and Anxiety (N = 2,114) indicates that all classes of
antidepressants may have adverse effects on heart function, deter-
mined by reductions in heart rate variability, a psychophysiological
predictor of future cardiovascular mortality [see in Ref. (29) for
review]. Adverse effects were greatest for the TCAs, followed by the
SNRIs, and then the SSRIs, relative to no antidepressant use (8)
[see also in Ref. (30)]. This study also reported that these effects
disappear when antidepressants are discontinued. However, the
adverse effects reported for the SSRI class were small, which may, in
part, explain the contradictory findings reported previously for the
association between SSRIs and CHD (9, 17). SSRI antidepressants
are generally considered to have a more favorable cardiovascu-
lar profile than the TCA (and the serotonin and noradrenaline
reuptake inhibitors, or SNRIs). The SSRIs may exert cardiovas-
cular benefits through direct action on the biological substrates
of the stress response (31), including a blunting of blood pres-
sure, myocardial responses, and cortisol reactivity under stress.
The SSRIs also have antiplatelet properties, which will reduce the
risk for thrombus formation (2, 3). While we did not observe a
relationship between SSRIs and prevalent CHD, we did observe
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a twofold increase association for SSRIs and coronary revascular-
ization. A possible explanation for the null association between
SSRIs and myocardial infarction is the restricted access to antide-
pressants from the SSRI class of antidepressants, resulting perhaps
from the socioeconomic inequities of Brazilian mental health care
(28, 32, 33) and high cost of these newer medications.

In conclusion, the present study provides important new infor-
mation on the association of antidepressant use and prevalent
CHD in Brazil. While a limitation of our study is its cross-sectional
design, this limitation does not undermine the importance of
our findings, as TCA use in patients with CHD increases risk of
future morbidity and mortality. While it is possible that some
of our participants were on low-dose TCAs for conditions other
than depression and anxiety, recommendations from high-income
countries suggest that these medications should be avoided in car-
diac patients. Our study is characterized by a number of strengths
including a focus on a relatively large and well-characterized sam-
ple of the Brazilian population, application of a structured clinical
interview to determine psychiatric diagnosis and disorder sever-
ity, and adjustment for a host of covariates known to contribute to
metabolic and cardiovascular risk. Our findings indicate a strong
relationship between TCA use and prevalent CHD. We will fur-
ther examine the impact of the different antidepressant classes in
a longitudinal follow-up study of the ELSA-Brasil cohort once data
collection is complete.
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mpact of Depression and Antidepressant Treatment
n Heart Rate Variability: A Review and Meta-Analysis

ndrew H. Kemp, Daniel S. Quintana, Marcus A. Gray, Kim L. Felmingham, Kerri Brown, and Justine M. Gatt

ackground: Depression is associated with an increase in the likelihood of cardiac events; however, studies investigating the relationship
etween depression and heart rate variability (HRV) have generally focused on patients with cardiovascular disease (CVD). The objective of

he current report is to examine with meta-analysis the impact of depression and antidepressant treatment on HRV in depressed patients
ithout CVD.

ethods: Studies comparing 1) HRV in patients with major depressive disorder and healthy control subjects and 2) the HRV of patients with
ajor depressive disorder before and after treatment were considered for meta-analysis.

esults: Meta-analyses were based on 18 articles that met inclusion criteria, comprising a total of 673 depressed participants and 407
ealthy comparison participants. Participants with depression had lower HRV (time frequency: Hedges’ g � �.301, p � .001; high frequency:
edges’ g � �.293, p � .001; nonlinear: Hedges’ g � �1.955, p � .05; Valsalva ratio: Hedges’ g � �.712, p � .001) than healthy control

ubjects, and depression severity was negatively correlated with HRV (r � �.354, p � .001). Tricyclic medication decreased HRV, although
erotonin reuptake inhibitors, mirtazapine, and nefazodone had no significant impact on HRV despite patient response to treatment.

onclusions: Depression without CVD is associated with reduced HRV, which decreases with increasing depression severity, most apparent
ith nonlinear measures of HRV. Critically, a variety of antidepressant treatments do not resolve these decreases despite resolution of

ymptoms, highlighting that antidepressant medications might not have HRV-mediated cardioprotective effects and the need to identify

ndividuals at risk among patients in remission.
ey Words: Antidepressant, autonomic, depression, heart-rate
ariability, meta-analysis, review

epression has a prevalence of between 8% and 12%
worldwide (1) and will be the second biggest disease
burden by 2020 after cardiovascular disease (CVD) (2).

epression and CVD are themselves related; 20%–40% of CVD
atients suffer from depression (3,4), whereas those with depres-
ion are at higher risk for myocardial infarction (5), even after
ontrolling for increased body mass index, physical activity,
ypertension, and hypercholesterolemia (6–8). The relationship
etween depression and cardiac mortality is, in part, mediated by
eductions in HRV (9–13), and HRV has been identified as
roviding the best measure for predicting fatal or near-fatal
ardiac arrhythmia (14); however, research on HRV and depres-
ion has generally been conducted in cardiac patients. Thus,
actors concomitant with CVD might be influencing the observed
elationship between major depressive disorder (MDD) and
RV. In this report, we examine the impact of depression and
ntidepressant treatment on HRV with meta-analysis, a quantita-
ive technique that provides a more objective review of the
iterature, allows for generalizations to be made on a body of
iterature, and avoids low study power. Importantly, we focus on
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depressed patients without CVD, to avoid overestimation of the
association between depression and HRV.

Heart rate variability indexes beat-to-beat changes in heart
rate measured by electrocardiogram (ECG). Variability in heart
rate is mediated by the parasympathetic (vagus) nerves, which
slow heart rate, and the sympathetic nerves, which accelerate it.
Healthy cardiac activity involves a high degree of beat-to-beat
variability, which provides a protective effect against myocardial
infarction and heart failure (15). High parasympathetic tone
helps to maintain heart stability and protect against possible
adverse cardiac events (16). Conversely, increased sympathetic
tone increases the risk of malignant arrhythmias and sudden
cardiac death (17,18). Reductions in HRV, as measured by
high-frequency (HF) measures reflecting reductions of parasym-
pathetic activity at respiratory frequencies (19), have been re-
ported in MDD patients in comparison with healthy control
subjects (20,21). Consistent with these findings, the LF/HF ratio is
higher in MDD patients than in control subjects, suggesting an
increase in sympathetic activity and a reciprocal decrease in
parasympathetic activity (20) (thus an overall reduction in HRV).
Studies on depression have also examined nonlinear measures of
HRV (22–24), which provide additional information on time
domain and frequency measures that might be important for
understanding cardiac health and autonomic function (25,26).
Strikingly, one of these studies reported that nonlinear and
time-domain HRV measures of the depressed group did not differ
from heart-transplant patients, a control group constituting a
model of cardiac dysfunction, highlighting considerable auto-
nomic dysfunction in MDD (24). Although a previous meta-
analysis recently reported a modest reduction of HRV in depres-
sion (27), this study focused only on HF power and the root
mean square of successive R-R differences (RMSSD) (a time-
domain measure) and collapsed across studies reporting either
measure. Although these measures are highly correlated, there is
an appreciable contribution of lower frequency (�.15 Hz) in

RMSSD estimates, thereby conflating sympathetic and vagal
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parasympathetic) influences on HRV (28). Other studies on
epression without CVD have reported no differences in HRV, as
easured by HF power, (20,29–31), time domain measures

20,29), respiratory sinus arrhythmia (32,33) and log respiratory
inus arrhythmia (32,34). Moreover, a study of (nonclinically)
epressed female students reported increases in time and fre-
uency domain HRV measures (35). Some of the contradictory
indings reported in the literature might be due, in part, to
eterogeneity in relatively small samples, medication confounds,
nd reporting of different HRV measures.

Antidepressant treatment also impacts on HRV, although a
lear picture has yet to emerge (except for tricyclic antidepres-
ants [TCAs]). Critically, a recent study in a large sample of
articipants with current and remitted MDD (some of whom
ere receiving a variety of medications and characterized with
eart or coronary disease) concluded that, although depression
s associated with significantly lower HRV, this association is
riven by the effect of antidepressants including, selective sero-
onin reuptake inhibitors (SSRIs), TCAs, and other antidepres-
ants, rather than depression per se (36). Tricyclic antidepres-
ants (e.g., amitriptyline, imipramine, and nortriptyline) might
educe parasympathetic tone and therefore HRV (37–39), due to
nticholinergic and �1-adrenergic properties (40,41). Other anti-
epressants with relatively mild anticholinergic properties such
s mirtazapine (a tetracyclic) and paroxetine (an SSRI) might also
ecrease HRV (37,39). However, other lines of research suggest
hat antidepressant treatment (particularly non-TCA) might pro-
ide HRV-mediated cardiac protective effects (23,42) or at least a
enign cardiovascular profile (43) (but see [30]). Other treat-
ents, including cognitive behavioral therapy, repetitive trans-

ranial magnetic stimulation (rTMS), ECT, and HRV biofeedback
raining, might also increase HRV after the resolution of depres-
ive symptoms (44–47). A recent meta-analysis on the impact of
ntidepressant treatment concluded that TCAs are associated
ith a large decrease in HRV but that the data for SSRIs were not

lear (48). However, this study collapsed across SSRI medica-
ions, including paroxetine, which displays six times more an-
imuscarinic potency than sertraline, the next most potent
SRI (49).

In this study, we examine the impact of depression and its
reatment on HRV with meta-analysis. We focus on studies
eporting on depressed patients without CVD to avoid overesti-
ating alterations in HRV, given research findings suggesting

hat both depression and CVD reduce HRV and that depression
nd CVD are themselves related. In addition, we specifically
xcluded studies reporting on patients prescribed more than one
reatment concurrently to determine the influence of specific
edications on HRV. Our meta-analysis also explicitly examined
hether there were any differences between different antide-
ressant treatments with moderator analysis. Our primary re-
earch questions were: 1) is HRV reduced in depressed patients,
nd does HRV decrease with increasing depression severity; and
) does HRV increase with successful treatment? We were also
nterested in determining whether different measures of HRV are
ore sensitive to the impact of MDD and treatment and exam-

ned the impact of ECG recording length and treatment type,
ecause these variables might differentially impact on HRV.

ethods and Materials

earch Criteria
Peer-reviewed studies published between 1990 and July 2009
ere located in MEDLINE with all relevant combinations of the

ww.sobp.org/journal
following keywords: depress*, heart rate variability, vagal, and
autonomic nervous system. The beginning date (i.e., 1990) was
chosen because this was when the DSM-III-R criteria for depres-
sion (introduced in 1987) were in wide use. In addition to these
electronic searches, each report’s citation list was examined for
additional studies. The inclusion criteria were: 1) the comparison
of HRV in an unmedicated MDD group as defined by DSM III-R,
DSM-IV, or DSM-IV-TR and an age-matched control group
without MDD, a pre- and post-treatment comparison of an MDD
group, or an unmedicated MDD group with depression severity
and HRV measures reported; 2) satisfactory reporting of statistics
(i.e., mean, SD, p, t, r or F value, and so forth) either in-text or in
tables; 3) participants were free from CVD; and 4) the study was
written in English.

Procedure
Meta-analyses were conducted to answer the primary re-

search questions. Rather than create a global HRV measure, a
number of different meta-analyses were conducted on a variety
of different measures, including time domain, LF, HF, the LF/HF
ratio, Valsalva ratio, and nonlinear. All HRV measures were
collected when participants were at rest or with 24-hour Holter
monitor, except for the Valsalva ratio, an output measure from
the Valsalva test, which involves participants maintaining a
mercury manometer at a given pressure for a period (usually 15
sec) with their breath. The ECG recording length and treatment
type were included as moderator variables.

Meta-Analysis Statistics
Meta-analyses were based on a single effect size of a stan-

dardized mean. Values were transformed from means and SDs or
r values to determine a standardized effect size, Hedges’ g, with
the computer software package Comprehensive Meta-analysis
(50). Hedges’ g effect size is a variation of Cohen’s d that corrects
for biases associated with small sample sizes (51) and might be
interpreted in the same way as Cohen’s d—small (.2), medium
(.5), and large (.8) (52). The meta-analyses used the random-
effects model, which is a more conservative model that assumes
that the true effect size could vary from study to study and so
offers more generalizable results in comparison with the fixed
effects model (51). To measure homogeneity, the Q statistic was
used to indicate the homogeneity of effect sizes across studies
(53). A significant Q statistic indicates dissimilar effect sizes
across studies, suggesting that methodological or study popula-
tion differences might be introducing variance in findings across
studies. We also calculated the I2 statistic, which quantifies the
percentage of variation across studies due to heterogeneity rather
than chance and is less biased by the number of studies included
in a meta-analysis (54). Another advantage of the I2 statistic is that
it can be compared across meta-analyses with different sample
sizes and types of studies (54)—the higher the I2 value, the more
between-study heterogeneity, with the values of 25%, 50%, and
75% being seen to represent low, moderate, and high heteroge-
neity, respectively. As with a significant Q statistic, high between-
study heterogeneity indicates potential methodological or pop-
ulation sample differences. To determine whether there was any
publication bias, Egger’s regression test (55) was used in lieu of
a funnel plot, due to its objectivity. Egger’s regression test reveals

evidence of publication bias when p � .05.
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esults

ncluded Studies
The electronic search revealed 2564 articles; however, only 46

tudies remained after review for inclusion criteria (e.g., studies
n CVD patients were removed). Of these remaining studies, 5
ad comorbid CVD, 5 were on antidepressant medication, 2
ad other potential HRV confounds, 9 had insufficient HRV
ata, and 7 were subclinical populations; thus, 18 articles
emained for meta-analysis (Figure 1, Table 1). Most studies

igure 1. Study inclusion flowchart. CVD, cardiovascular disease.

able 1. Summary of Studies Included in Meta-Analyses

tudy HRV Measures Participants with M

epressed vs. Control Subjects
Agelink et al., 2001 (29) HF, LF, TD 60
Agelink et al., 2002 (57) HF, LF, TD 32
Boetteger et al., 2008 (22) NL 18
Dawood et al., 2007 (30) HF, LF, 24
Lehofer et al., 1997 (32) HF 23
Moser et al., 1998 (34) HF 26
Sayar et al., 2002 (33) TD 21
Thayer et al., 1998 (35) HF, LF, TD 15
Udupa et al., 2007 (20) HF, LF, TD 40
Van der Kooy et al., 2006 (21) TD 124
Yeragani et al., 2003 (25) NL 18
Total 401

epression Severity
Agelink et al., 2001 (29) HF 25
Agelink et al., 2002 (57) HF, 64
Watkins et al., 1999 (74) RSA 56
Rottenberg et al., 2002 (75) RSA 55
Total 200

reatment
Agelink et al., 2001 (29) TD 25
Davidson et al., 2005 (58) RSA 48
Khaykin et al., 1998 (59) TD 14
Lederbogen et al., 2001 (38) TD 28
Tulen et al., 1996 (39) HF 17
Udupa et al., 2007 (44) HF 54
Total 186

Given our interest in comparison in depressed vs. control subjects, corre
his table have been noted more than once.

HRV, heart rate variability; MDD, major depressive disorder; HF, high freq
f successive differences, log root mean square of successive differences, SD
L, nonlinear (measures include relative high frequency of largest Lypomov

inus arrhythmia; SNRI, serotonin norepinephrine reuptake inhibitor; SSR

epetitive transcranial magnetic stimulation.
reported on data collected from short-term recordings; how-
ever, three studies reported on data collected from long-term
recordings.

Impact of Depression on HRV
Depressed patients exhibited reduced time domain (Hedges’

g � �.301, p � .001), HF HRV (Hedges’ g � �.293, p � .001),
Valsalva ratio (Hedges’ g � �.712, p � .001), nonlinear HRV
(Hedges’ g � �1.955, p � .05), and an increased LF/HF ratio
(Hedges’ g � .633, p � .005) but no difference in LF HRV (Table
2). There was also a significant negative correlation between
depression severity and HRV (Pearson correlation � �.364, p �
.001) (Table 2). All studies included in meta-analyses contained
patients who were either drug naive (e.g., 20,44) or washed-out
from previous medication (e.g., 22,29,30,33,38,57) (Table 1). No
evidence of publication bias was observed in any of the analyses
(Table 2).

Impact of Antidepressant Treatment on HRV
No difference in HRV was observed in the pre- and post-

treatment comparison, which collapsed across a variety of treat-
ments, including TCAs (including doxepin, Amitryptiline, and
imipramine), SSRIs (including paroxetine, escitalopram, ven-
lafaxine), mirtazapine (a tetracyclic), nefazodone (a serotonin-2A
receptor antagonist, and serotonin and noradrenaline reuptake
inhibitor), and rTMS (Hedges’ g � .310, p � .13) (Table 3).
Because significant heterogeneity was observed between differ-

Healthy Control Subjects Treatment Type

25
64
18
15
23
26
21
11
40

136
28

407

nefazodone (SNRI)
paroxetine and venlafaxine (SSRIs)
fluoxetine (SSRI) and doxepin (TCA)
paroxetine (SSRI) and amitriptyline (TCA)
Mirtizapine (Nassa) and imipramine (TCA)
rTMS and escitalopram (SSRI)

s with depression severity, and treatment effects, some studies included in

y; LF, low frequency; TD, time domain (measures include root mean square
he averages of N–N intervals in all 5-min segments of the entire recording);
nent, minimum embedding dimension of the QT interval; RSA, respiratory

ective serotonin reuptake inhibitors; TCA, tricyclic antidepressant; rTMS,
DD

lation

uenc
s of t
expo

I, sel
www.sobp.org/journal
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nt types of treatment (Q � 34.746, p � .001), we further
nvestigated the potential source of this between-study hetero-
eneity. Additional analysis revealed there to be a significant
ifference between TCAs and all other types of treatment (Q �
.446, p � .01), whereby HRV was found to be significantly
educed after treatment with TCAs in comparison with other
reatments. We also found a significant reduction in HRV after
CA treatment in comparison with HRV before treatment
Hedges’ g � �1.236, p � .008).

No significant difference in HRV was observed before and after
SRI treatment (Hedges’ g � �.087, p � .685). Furthermore, we
ound no difference between paroxetine (an SSRI with high anti-
uscarinic potency) (49) and other SSRIs (i.e., escitalopram and

luoxetine; Q � 2.899, p � .089). We also found no difference in
RV before and after paroxetine treatment (Hedges’ g � �.196, p �

413). Additional analysis also revealed no significant differences
mong nefazodone (Q � .196 p � .658), mirtizapine (Q � 1.94, p �
164), rTMS (Q � 2.544, p � .111) and SSRIs. Interestingly, an
ncrease in HRV was observed after rTMS treatment (Hedges’ g �
618, p � .03), although this finding requires replication, because
nly one study examined the impact of this treatment on HRV (44).
o difference between long- and short-term measures of HRV was
bserved (Q1 � 3.33, p � .07). There was no evidence of publica-
ion bias for any of these analyses (Table 2).

It is worth noting that one study (59) reported differences in
RV between participants that responded to treatment and those

hat did not, such that responders to treatment (as opposed to
onresponders) had increased HRV after treatment with either
luoxetine (an SSRI) or doxepin (a TCA). However, this study was

able 2. Meta-Analysis of HRV in Depression

eta-Analysis
erformed

No. of
Data
Sets

No. of
Depressed

Participants

No. of
Control
Subjects

C

ime Frequency HRV 8 255 395 �.290
F HRV 9 190 312 �.101
F HRV 14 302 424 �.210
F/HF Ratio 5 111 246 .663
alsalva Ratio 4 99 182 �.671
ong-Term HRVa 3 43 62 �.462
epression Severity 4 200 — �.131

CI, confidence interval; other abbreviations as in Table 1.
aBoth time and frequency domain measures were used for this analysis
bHedges’ g.

able 3. Meta-Analysis of HRV in Depression Treatment

eta-Analysis
erformed

No. of
Data
Sets

No. of
Depressed

Participants

Comparison of De

Effect Size (95% C

RV in Overall
Treatmenta 11 186 .310 (�.712 to .0

RV in SSRI
Treatment 5 92 �.087 (�.506 to .3

RV in TCA
Treatment 3 32 �1.236 (�2.146 to .

Abbreviations as in Tables 1 and 2.

aOverall treatment includes SSRI (n � 5), TCA (n � 3) Mirtazapine (n � 1), Nef

ww.sobp.org/journal
based on a small sample size (i.e., 10 patients displayed a
therapeutic response to doxepin, n � 7, or fluoxetine, n � 3). All
other studies (except for Agelink et al. [29]) reported �50%
reduction of depressive symptoms after treatment, highlighting
that regardless of successful treatment HRV was not altered at the
posttreatment assessment.

Discussion

Systematic meta-analysis revealed that depression is associ-
ated with reduced HRV and that individuals with more severe
depression are likely to have lower HRV than those with less
severe depression. Furthermore, antidepressant treatment did
not resolve reductions in HRV, despite reduction in depressive
symptoms, suggesting that affective illness might have residual
effects on neurophysiological systems, as proposed previously
(46,60). The finding that antidepressant treatment does not
resolve decreases in HRV calls into question the degree to which
antidepressant treatment is able to provide HRV-mediated car-
dioprotective effects (48,61). That is, although SSRIs might have
other cardioprotective effects such as dampening of platelet
aggregability (56), our results suggest that SSRI treatment does
not increase (or decrease) HRV, thereby conferring no HRV-
mediated protective effects against cardiac arrhythmias. Instead,
HRV results support the proposal that SSRI medication is associ-
ated with benign cardiac effects (43). We also found that tricyclic
medication significantly reduces HRV after treatment in compar-
ison with other antidepressant treatments. These findings high-
light the importance of assessing HRV in currently and previously

arison of Depressed and Control
Participants

Heterogeneity
Publication

Bias p
Sizeb

CI)

SE of
Summary
Effect Size

Effect
Size p I2 p

7 to �.084) .105 .006 .24 .238 .46
3 to �.202) .154 .515 .57 .017 .2
6 to �.024) .095 .027 .28 .155 .06
to 1.126) .236 .005 .7 .01 .12
9 to �.414) .131 �.001 0 .629 .5
8 to �.056) .207 .03 0 .982 .68
6 to �.179) — �.001 .46 .138 .49

o low sample size.

ed and Control Participants

Heterogeneity
Publication

Bias p

SE of
Summay

Effect Size
Effect
Size p I2 p

.205 .13 72% �.001 .07

.214 .685 51% .088 .38

.464 .008 65% .06 .28
omp

Effect
(95%

(�.49
(�.40
(�.39
(.200
(�.92
(�.86
(�.43
press

I)

91)

32)

326)
azodone (n � 1), and rTMS (n � 1).
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epressed patients, given the higher risk for cardiac complica-
ions in these individuals and the possibility that treatment does
ot resolve these complications. Findings also reinforce prior
eports urging caution in the prescription of TCAs in patients with
ardiovascular dysfunction (62). We now discuss our findings in
ight of theories that highlight the link between the autonomic
ervous system and depression and antidepressant action.

mpact of Depression on HRV
Findings supported the hypothesis that depression without

VD is associated with reductions in HRV. Patients were ob-
erved to display reduced HF HRV (indicating reduced parasym-
athetic activity) and reduced time domain HRV in comparison
ith healthy control subjects, consistent with research highlight-

ng a strong correlation between RMSSD and HF HRV (r � .85)
19). However, these findings were associated with relatively
mall effect sizes (52), consistent with conclusions made in a
ecent meta-analysis (27). Interestingly, reductions in the predict-
bility and complexity of heart rate (as determined by nonlinear
RV measures) were associated with a particularly large effect

ize (52), highlighting the utility of such measures. Although a
imitation of the nonlinear meta-analysis was the small number of
tudies used for analysis (i.e., only three studies reporting
onlinear measures were included; n � 42), these measures
ight be more reliable than time domain or frequency domain
easures (63). These findings are complemented by a significant
egative association between depression severity and HRV such
hat the more severe the depression, the lower the HRV. Re-
earch suggests that somatic symptoms of MDD (i.e., sleeping
ifficulties, changes in appetite, fatigue) tend to be associated
ith greater reductions in HRV to a greater extent than cognitive

ymptoms of depression (i.e., anhedonia, poor concentration,
eelings of worthlessness, suicidal ideation) (64). It is possible,
herefore, that these somatic symptoms, commonly observed in
atients with more severe depression, contributed to the ob-
erved significant relationship between severity and HRV.

Heart rate variability reflects a measure of an individual’s
apacity for parasympathetic inhibition of autonomic arousal in
motional expression and regulation (65). Connections between
he vagus and other cranial nerves control peripheral structures
nvolved in behavioral expression of emotion, such as emotion
acial expressions, and these connections allow for the coordi-
ation of the autonomic nervous system and social behavior
66,67). Depression is associated with somatomotor deficits (e.g.,
ack of facial expressiveness) and reduced social engagement,
hich might be mediated by reduced HRV. A network of brain

egions (known as the central autonomic network)—including
he orbitofrontal and medial prefrontal cortices and central
ucleus of the amygdala—that project to the hypothalamic and
rainstem autonomic nuclei, where sympathetic and parasympa-
hetic efferents to the heart originate (68), control appetitive
approach) and aversive (withdrawal) behaviors by regulation of
isceromotor, neuroendocrine, and behavioral responses. De-
ression might relate to reductions in vagally mediated cardio-
ascular control and disinhibition of sympathoexcitatory influ-
nces that are mediated by deficits in the central autonomic
etwork, leading to reduced flexibility in responding to environ-
ental demands and appropriate responsiveness (68). Underly-

ng autonomic dysregulation (hypersympathetic/hypovagal
tate) is one of the putative core mechanisms of depression
elated to abnormality of the hypothalamo-pituitary-adrenal axis
nd hyperproduction of cortisol. These abnormalities lead to

ardiovascular somatic symptoms of depression such as tachy-
cardia, blood pressure lability, and tendencies toward hyperten-
sion, which place severely depressed individuals at higher risk
for CVD and higher associated mortality.

Impact of Antidepressant Treatment on HRV
Findings highlight that antidepressant treatment (except for

tricyclic medication) has minimal impact on HRV, despite reduc-
tion in symptom severity, at least in the short term. Our meta-
analyses revealed significant heterogeneity among different treat-
ment studies, and further investigation revealed a significant
reduction in HRV in response to treatment with TCAs relative to
all other treatments. A reduction in HRV associated with TCA
treatment is consistent with known anticholinergic and �1-
adrenergic properties of this class of medication (40,41). Because
reductions in HRV are a strong predictor of sudden cardiac death
(14), our results lend support to prior studies that indicate TCAs
pose a risk to the cardiovascular system. Our results further
suggest that, regardless of the mechanism by which different
antidepressant treatments might impact on HRV, most treatments
(with the exception of TCAs) have a benign effect on HRV.
Several neurotransmitters are implicated in the control of heart
rate, including serotonin, dopamine, and acetylcholine (69). It
was interesting to observe, considering the antimuscarinic (i.e.,
anticholinergic) potency of paroxetine in comparison with other
SSRIs (49), no difference in HRV in patients administered parox-
etine compared with other SSRIs. Although the normalization of
platelet function after paroxetine treatment (70) might outweigh
any potential antimuscarinic effects on the autonomic nervous
system, consistent with research suggesting an overall safer
cardiovascular profile of paroxetine in comparison with TCAs
(71), it is notable that higher doses of paroxetine (e.g., 40 mg)
influence HRV in much the same way as TCAs (38).

A recently published study concluded that the association
between depression and HRV is driven by the effect of antide-
pressants rather than depression per se (36). This prior study (36)
was particularly impressive, given the large sample size from
which conclusions were drawn (n � 2373) and the attempt to
control for lifestyle factors including smoking, use of alcohol,
high body mass index, and low physical activity, comorbid
anxiety, and psychoactive medication. Although results from the
current study highlight that HRV is clearly reduced in unmedi-
cated patients with MDD relative to control subjects, the results
from this prior study further highlight that antidepressants might
contribute to reductions in HRV. However, our findings highlight
that antidepressant treatment (other than TCAs), in the short-
term, neither increases nor decreases HRV. Regardless, SSRI
antidepressants might still reduce medical morbidity and mortal-
ity due to other factors, such as the dampening of platelet
aggregability (56). For instance, 6 weeks of sertraline treatment in
MDD patients has been found to normalize platelet function (72).

One potential explanation for the finding that antidepressant
medications (except for TCAs) do not impact on HRV is that no
studies in the meta-analysis examined nonlinear HRV measures
before and after treatment in depressed patients without CVD.
Research on CVD patients (with MDD) suggests that 6 weeks of
treatment with paroxetine increases nonlinear heart rate com-
plexity (i.e., increases HRV) (37). Furthermore, our finding that
nonlinear measures were associated with the strongest effect size
for the comparison between depressed patients and control
subjects highlights that nonlinear measures might be a useful tool
for future research on the impact of antidepressant treatment on
HRV. Although recordings of HRV were taken after a period

during which it was expected that patients would respond, the

www.sobp.org/journal
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ime after treatment was shorter than that for other studies (73).
or example, results from the SADHART study (Sertraline Anti-
epressant Heart Attack Randomized Trial) reporting on the

mpact of 16 weeks of SSRI (sertraline) treatment on HRV in
epressed patients with CVD found an increase in HRV as
easured by ultra-low frequency power (73). However, these

indings were due primarily to decreased HRV in the patient
roup receiving placebo rather than increased HRV in patients
reated with sertraline, in part, supporting our findings in patients
ithout CVD that HRV does not change after administration of
ntidepressant treatment. Regardless, future studies should con-
irm the impact of treatment with a longer post-treatment period
n patients without CVD with nonlinear measures of HRV in
articular.

oncluding Comments and Implications
In summary, this study provides an important clarification on the

mpact of depression on HRV—the best measure for predicting fatal
r near-fatal cardiac arrhythmia—in patients without CVD. Al-
hough recently published findings (36) reported that the associa-
ion between depression and reduced HRV is driven by the effect of
ntidepressants, our study, in contrast, highlights that HRV is clearly
educed in unmedicated patients with MDD (relative to control
ubjects) and that antidepressant treatment (other than TCA’s)
either increases nor decreases HRV. We conclude that depression
ithout CVD reduces HRV and that a variety of antidepressants do
ot reverse the observed reductions, emphasizing the need for
ealth care providers to be mindful of the impact depression might
ave on the cardiovascular system. Because clinical improvement
oes not guarantee normalization of the hypersympathetic state, it is
specially important to identify individuals at risk among a cohort of
linically remitted patients.

Although a potential limitation of this study was a lack of
tudies reporting on long-term HRV measures in depressed
atients without CVD, shorter recordings provide a more con-
rolled and standardized assessment of cardiac function, which
ight give a purer view of physiological changes (48). This study
as a number of advantages, including use of a standardized
ethodology to determine the impact of depression and its

reatment on HRV, employment of a meta-analytic approach
with random-effects analyses) allowing for generalizations to be
ade on a body of literature that has reported inconsistent

indings, examination of a range of HRV measures to determine
hether certain measures (e.g., nonlinear HRV measures) provide

ncreased sensitivity of change in HRV, comparison of studies that
xamined the impact of different antidepressants, application of
trict inclusion and exclusion criteria, and assessment for publica-
ion bias. Future studies should consider differences in HRV in
esponders and nonresponders across a range of antidepressant
reatments, allowing for the impact of symptom resolution on HRV
o be better clarified. Future studies would also benefit from using
onlinear measures, because this metric offers information over and
bove time domain and frequency domain metrics and seems to be
ore sensitive to alterations in HRV.
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Abstract

Decreased heart rate variability (HRV) is a cardiovascular predictor of mortality. Recent debate has focused
on whether reductions in HRV in major depressive disorder (MDD) are a consequence of the disorder or a
consequence of pharmacotherapy. Here we report on the impact of transcranial direct current stimulation
(tDCS), a non-pharmacological intervention, vs. sertraline to further investigate this issue. The employed
design was a double-blind, randomized, factorial, placebo-controlled trial. One hundred and eighteen
moderate-to-severe, medication-free, low-cardiovascular risk depressed patients were recruited for this
study and allocated to either active/sham tDCS (10 consecutive sessions plus two extra sessions every
other week) or placebo/sertraline (50mg/d) for 6wk. Patients were age and gender-matched to healthy con-
trols from a concurrent cohort study [the Brazilian Longitudinal Study of Adult Health (ELSA-Brasil)]. The
impact of disorder, treatment and clinical response on HRV (root mean square of successive differences and
high frequency) was examined. Our findings confirmed that patients displayed decreased HRV relative to
controls. Furthermore, HRV scores did not change following treatment with either a non-pharmacological
(tDCS) or pharmacological (sertraline) intervention, nor did HRV increase with clinical response to treat-
ment. Based on these findings, we discuss whether reduced HRV is a trait-marker for MDD, which may
predispose patients to a host of conditions and disease even after response to treatment. Our findings
have important implications for our understanding of depression pathophysiology and the relationship
between MDD, cardiovascular disorders and mortality.
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Introduction

Major depressive disorder (MDD) is the most
prevalent psychiatric disorder and will be one of the
most disabling medical conditions by 2020 (Murray
and Lopez, 1997). Furthermore, MDD and cardiovascu-
lar disorders are associated; a depressive episode
following an acute coronary syndrome more than
doubles mortality risk over 7 yr (Glassman et al.,
2009), and depression increases risk of cardiacmortality
three- to fourfold (Penninx et al., 2001). Antidepressant
drugs – the mainstream treatment for MDD – have also
been independently associated with increased cardio-
vascular risk and sudden cardiac death (Whang et al.,
2009). Hence, a concerning possibility is that anti-
depressants might have direct side-effects on heart
activity that surpass the potential clinical benefits of
treating the depression. However, other studies, includ-
ing a large cohort of depressed patients, have reported
protective cardiovascular effects for antidepressants
(Garfield et al., 2011), so, it remains unclear whether
these medications are advantageous or hazardous
for the heart (Brunoni et al., 2012a). An outstanding
question is whether different antidepressant treatments
have differential effects on validated markers of cardiac
health, such as heart rate variability (HRV).

HRV is an electrocardiograph-based technique
developed to assess the relative influences of sympath-
etic and vagal branches over heart beat-to-beat
activity (ESC, 1996). HRV is considered an important
marker for cardiovascular events and its complications
(Buccelletti et al., 2009); for instance, low HRV (i.e.
decreased vagal activity) predicts death after myocar-
dial infarction (Bigger et al., 1992). Recently, we
demonstrated (Kemp et al., 2010) that unmedicated
patients with MDD, free from cardiovascular disease,
display reductions in HRV, and that these reductions
are not ameliorated with treatment, nor with symptom
resolution. By contrast, others have reported that
antidepressant medications, including the tricyclics,
the serotonin and noradrenaline reuptake inhibitors
(SNRIs) and the selective serotonin reuptake inhibitors
(SSRIs) – not depression per se – adversely impact
on HRV (Licht et al., 2008; Kemp et al., 2010).
Longitudinal findings further revealed that with-
drawal from antidepressants was associated with an
increase in HRV (Licht et al., 2010). Such findings
suggest that antidepressants, acting on the relay nuclei
of the autonomous nervous system, could be respon-
sible for these findings; however, methodological
issues hamper solid conclusions, as discussed pre-
viously (Kemp, 2011). The resolution of the etiology
of decreased HRV in depression is paramount to

understanding the relationship between depression,
antidepressants, HRV and cardiovascular disorders,
and has important clinical and theoretical implications
for MDD treatment.

We recently proposed (Brunoni et al., 2012a)
that transcranial direct current stimulation (tDCS) – a
non-pharmacological, neuromodulatory technique
involving the application of a direct electric current
to the scalp (Brunoni et al., 2012c) – could be used to
disentangle whether it is the antidepressant and/or
depression that adversely impacts on HRV (Kemp
et al., 2011; Brunoni et al., 2012a). There is growing evi-
dence that tDCS is an effective treatment for
MDD, including one meta-analysis and one large clini-
cal trial (Brunoni et al., 2012b; Kalu et al., 2012).
Moreover, tDCS is an intervention with minimal,
systemic side-effects (Brunoni et al., 2010). In fact,
acute tDCS seems to have either no or favorable
effects on sympathovagal balance (Sampaio et al.,
2012; Vandermeeren et al., 2010; Montenegro et al.,
2011; Brunoni et al., 2013a) – the latter effects possibly
due to the role of the prefrontal cortex in inhibiting
cardio-acceleratory circuitry, thereafter increasing
vagal activity (Thayer et al., 2010). Therefore, our
hypothesis was that reductions in HRV following
antidepressant drugs and increases in HRV following
tDCS would demonstrate the adverse effects of
pharmacological vs. non-pharmacological treatments.
This would highlight a particularly important role
for non-pharmacological interventions in treating
depressed patients with high cardiovascular risk.
Here we compare sertraline – a medication in the
SSRI class of antidepressants; a first-line treatment of
depression (Cipriani et al., 2009) –with tDCS to exam-
ine this possibility. Recent longitudinal research high-
lights the adverse cardiovascular effects (HRV
reductions) of multiple classes of antidepressants
including SSRIs (Licht et al., 2008; Kemp et al., 2010).
By contrast, a lack of change in HRV following treat-
ment – and the tDCS responders in particular –would
provide evidence for HRV as a trait marker of MDD
(and also evidence against the hypothesis that anti-
depressants have unfavorable effects on HRV). This
finding would provide a possible explanation for the
increased morbidity and mortality from a host of car-
diovascular conditions that have been reported in
depressed patients (Penninx et al., 2001; Glassman
et al., 2009).

This study presents HRV data collected in the
Sertraline vs. Electric Current Therapy for Treating
Depression Clinical Study (SELECT-TDCS, Brunoni
et al., 2011b), a study that enrolled 120 patients
with depression, which was conducted at Hospital
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Universitário, University of São Paulo, Brazil. Patients
were randomized to four groups: (1) sham tDCS –
placebo pill, (2) sham tDCS – sertraline, (3) active
tDCS – placebo pill and (4) active tDCS – sertraline.
We previously reported that patients allocated to the
combined treatment therapy arm displayed increased
and faster antidepressant efficacy relative to other
groups, and that the efficacy of tDCS-only and
sertraline-only groups was similar (Brunoni et al.,
2013b). Here, we compared HRV values across all
groups to determine whether HRV changes would
be associated with depression improvement and/or
tDCS/sertraline interventions. We also compared
these patients with gender- and age-matched healthy
controls from the Brazilian Longitudinal Study of
Adult Health (ELSA-Brasil, Richter et al., 2010), to
confirm whether HRV in depressed patients is differ-
ent from that in individuals without depression,
as reported in our previous work on independent
samples (Kemp et al., 2010, 2012). Further, this is
also the first study to investigate the effects of
daily-repeated tDCS on HRV, an important safety con-
sideration regarding its role as a therapy for MDD
(Brunoni et al., 2011a).

Methods and materials

The complete design of SELECT-TDCS trial and the
ELSA-Brasil cohort are described elsewhere (Richter
et al., 2010; Brunoni et al., 2011b). Here, we detail the
aspects relevant to the present study. Both studies
were approved by the Local and National Ethics
Committee, and all subjects provided written,
informed consent.

Participants

Patients met the following criteria: (1) acute, unipolar,
non-psychotic MDD episode, (2) Hamilton Depression
Rating Scale scores >17, (3) age between 18 and 65 yr
and (4) absence of other Axis I, II and III disorders
(although depressed patients with anxiety symptoms
were allowed). Diagnoses were determined by certified
psychiatrists through clinical interview and the Mini
International Neuropsychiatric Interview (MINI) ques-
tionnaire (Sheehan et al., 1998).

Prior to trial onset, previously medicated partici-
pants underwent a drug washout period lasting
at least five half-lives of the drug (mean washout
period of 18 d). Low-dose (up to 20mg/d diazepam-
equivalents) benzodiazepines were the only drug on
which participants (n=23, 19%) were allowed to con-
tinue, since complete drug withdrawal would require

specific interventions to avoid the benzodiazepine
withdrawal syndrome, ultimately hindering enrolment
and external validity of results of this trial. Similar use
of low-dose benzodiazepines has also been employed
in other larger brain stimulation trials for depression
(O’Reardon et al., 2007; George et al., 2010).

Patients were matched according to age, gender,
cardiovascular risk and medication status (i.e.
drug-naïve or low-dose benzodiazepines) with con-
trols. Patients under 35 yr (29% of the sample) were
matched with controls that were recruited by word-
of-mouth; these participants included staff and
students from the University of São Paulo. Patients
over 35 yr (71% of the sample) were matched with
the ELSA-Brasil database (Richter et al., 2010), a
naturalistic cohort of 15105 subjects aged 535 yr.
Importantly, this large number allowed us to perform
an exact match on almost all clinical and demographic
variables, including age, gender, medication use and
physical co-morbidities. The questionnaire employed
in ELSA-Brasil was the Clinical Interview Schedule –
Revised (CIS-R), which was specifically developed
for assessing common mental disorders (Lewis et al.,
1992; Nunes et al., 2011). Specifically for depression,
the CIS-R assesses the domains of appetite, somatic
symptoms, fatigue, concentration, sleep, irritability,
depressive mood, depressive ideas, worry and anxiety.
We selected controls that did not display any depress-
ive symptom across all domains.

Procedures

Randomization was performed using a 1:1:1:1 per-
muted block randomization, and the allocation was
concealed using a central randomization method.
Participants were, therefore, randomized into four
treatment groups. The complete trial duration was
6wk; comprising an acute treatment period, in which
10 daily, consecutive tDCS sessions were performed,
and two follow-up tDCS sessions given every other
week. Sertraline 50mg/d was started simultaneously
with tDCS. TDCS intervention comprised placement
of the anode over the (EEG 10–20) F3 area (correspond-
ing to the left dorsolateral prefrontal cortex) and the
cathode over the F4 area (right dorsolateral prefrontal
cortex). We applied a direct current of 2 mA (current
density=0.80 A/m2) for 30min/d for 10 d, followed by
two extra tDCS sessions every other week until the
study endpoint (total charge density of 1728 C/m2).
For sham conditions, the device was turned off after
1min of active stimulation, a blinding method that
has been previously described as reliable (Brunoni
et al., 2012c).

HRV changes in the SELECT-TDCS 1939
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Depression severity was measured by the
Montgomery–Asberg Depression Rating Scale
(MADRS) score. Responders were defined as having
at least a 50% reduction of MADRS scores relative to
baseline scores. We also assessed other common clini-
cal characteristics, including age, gender, duration of
index episode, refractoriness, subtype of depression
and so on. In addition, patients were asked about
risk factors for cardiovascular disease, such as pre-
vious diagnosis of hypertension, diabetes, myocardial
infarction and smoking status. Body mass index
(BMI) was determined according to self-reported
height and weight.

A digital electrocardiograph (Micromed, sampling
rate of 250Hz) was used to acquire the records. The
electrodes were placed on the limbs, and the signals
were recorded for 15min from the higher R-wave
amplitude lead (usually D2).

Electrocardiograms were collected on the first and
last day of treatment. The possible confounding effect
of acute tDCS effects on HRV were avoided by always
collecting ECGs before the tDCS session. Data from
both depressed subjects and control participants were
always collected in the afternoon (between 13:00 and
16:00 hours. Participants were at rest at least 1 h
prior to ECG acquisition, which was conducted in
a quiet, temperature-controlled room set at 22 °C.
Importantly, controls were recruited from the same
center where our clinical trial was conducted, using
the same devices and procedures for HRV collection
(in fact, the same personnel collected and analyzed
the HRV data from both studies).

Data analysis

Researchers (E.M.D. and J.G.M.) who analyzed the
HRV were blinded to treatment allocation and were
not involved in any other aspect of the trial.
Wincardio 4.4 was used to generate beat-to-beat R-R
interval series; artifacts and ectopic beats were cor-
rected by the spline cubic interpolation method.
Almost 30 HRV variables can be extracted from the
electrocardiogram. Here we focused on two of these –
the most extensively evaluated in studies with
depression (Kemp et al., 2010) – to avoid bias related
to multiple analyses (such as false positive results).
These included:

(a) in the time-domain, the root mean square of
successive differences (RMSSD): RMSSD is the
most appropriate time-domain measure for short-
duration ECG recordings (ESC, 1996).

(b) in the frequency-domain, high frequency (HF, 0.15–
0.4 Hz): a Fast Fourier Transform (FFT) was

employed to extract the HF index – an index of
activity within the parasympathetic branch (ESC,
1996) – from the R-R time-series.

Higher values on each of these variables reflect higher
variability.

We also performed exploratory analyses in other
five HRV indices: approximate entropy and the
two Poincaré plots, nonlinear measures that might be
sensitive in detecting HRV differences between
groups (Kemp et al., 2010) and decreased during stress
(Melillo et al., 2011), and the symbolic measures 0 and
2 V, since it was experimentally shown that sympath-
etic activation increases 0 V and decreases 2 V, and
parasympathetic activation decreases 0 V and increases
2 V (Guzzetti et al., 2005). We did not analyze low fre-
quency (LF) activity and LF/HF because recent data
questioned whether LF reflects sympathetic and/or
parasympathetic activity (Reyes Del Paso et al., 2013).

Due to technical reasons and dropouts, HRV data
were not collected in all participants and we were
therefore able to analyze HRV measures from 118
patients at baseline and 93 at endpoint.

Statistical analysis

We used Stata 12 for Mac OS (Statacorp, USA) for stat-
istical analyses. Data normality was assessed by the
Shapiro–Wilk test and homogeneity of variances by
the Levene test. We also assessed outliers by examin-
ing observations beyond mean±3 S.D. and also using
the boxplot method, using ‘fences’ of three interquar-
tile ranges above and below the third and the first
quartile, respectively, as limits for non-outlier obser-
vations (Seo, 2006). Baseline clinical and demographic
characteristics among groups were assessed using one-
way ANOVA or the χ2 statistics. We also performed
Pearson’s correlations to assess whether depression
severity and HRV variables were correlated and also
to explore the relationship between the changes of
depression scores and the changes of RMSSD and
HF. RMSSD and HF variables underwent natural log-
arithmic transformation for normalization. Statistical
significance level was set at p<0.05 for all comparisons
performed, after correcting post-hoc pairwise compari-
sons using the Bonferroni method. Cohen’s d was
used to estimate the effect size of between-group
differences; values of 0.2, 0.5 and 0.8 represent small,
medium and large effect sizes, respectively (Cohen,
1988).

Our first step was to compare healthy controls and
depressed subjects on HRV (i.e. HF and RMSSD).
Between-group t tests were conducted to confirm that
patients displayed reduced HRV, consistent with our
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prior studies (Kemp et al., 2010, 2012) and the broader
literature.

After this, we performed two repeated-measures
ANOVAs, using each HRV variable as the dependent
variable separately. The between-subject factors were
group (placebo/sham tDCS, sertraline/sham tDCS, pla-
cebo/active tDCS and sertraline/active tDCS) and
response (non-response, response). Time (pre- and
post-scores) was the within-subject factor. Therefore,
we analyzed the effects of treatment by verifying
whether or not the main factor of time and its inter-
actions with group, response and group×response
were significant.

Finally, as benzodiazepines influence HRV (Galletly
et al., 1996) – such that this medication decreases
HRV – sensitivity analyses were performed to assess
whether removal of patients on this drug class would
affect the observed results.

Results

Participant characteristics

Patients and healthy controls were similar regarding
age, gender and other clinical characteristics
(Table 1). No significant differences between patient
groups were observed on clinical, cardiovascular and
HRV measurements at baseline assessment; nor did
HRV correlate with MADRS depression scores at base-
line (r’s<0.07 and p’s>0.15). Patients presented an
overall low cardiovascular risk – no patients with
prior myocardial infarction or other cardiovascular/

cerebrovascular conditions were included in the
study. (Table 2)

Comparison with controls

HRV values between controls and subjects at base-
line were significantly different both for RMSSD
(t117=2.86, p=0.005, Cohen’s d=0.35) and HF (t117=
3.77, p<0.001, Cohen’s d=0.45) (Fig. 1, Table 3).
This confirms that our depressed patients present
decreased HRV.

Impact of treatment on RMSSD and HF

For the HF ANOVA, we found no main effects of time
(F195,1 =2.16, p=0.14). Also, we found no significant
interactions between time and group (F195,3 =1.49,
p=0.22), time and response (F195,1 =1.96, p=0.16) and
time, group and response (F195,3 =0.13, p=0.94).

For the RMSSD ANOVA, we also found no main
effects of time (F195,1 =3.38, p=0.07). Also, we found
no significant interactions between time and group
(F195,3 =1.35, p=0.26), time and response (F195,1 =2.58,
p=0.11) and time, group and response (F195,3 =0.29,
p=0.83).

Therefore, we observed no global effects of treat-
ment over HRV, and also not when considering
specific effects according to clinical response, group
of treatment and the interaction between response
and group of treatment. (Table 3) (Fig. 2)

Pearson’s correlations revealed no significant
association between changes in depression scores
with changes in RMSSD and HF (r=0.15, p=0.19 and
r=−0.09, p=0.38). We also found no association either
in the group of responders (r=0.25, p=0.12 and r=−0.2,
p=0.21 for RMSSD and HF, respectively) or non-
responders (r=−0.12, p=0.38; r=0.07, p=0.58); and
also no association was found for sham tDCS–placebo
(r=0.12, p=0.58; r=−0.14, p=0.51), sham tDCS–
sertraline (r=0.32, p=0.14; r=−0.23, p=0.3), active
tDCS–placebo (r=0.23, p=0.27; r=−0.22, p=0.30)
and active tDCS–sertraline (r=0.28, p=0.14; r=−0.2,
p=0.30). Finally, no association was found considering
responders and non-responders within each group
(p=ns for all correlations).

Thus, both the results from the ANOVA and
Pearson’s correlations are in agreement, revealing
that HRV changes are not associated with either treat-
ment response or type of intervention.

Sensitivity analysis for benzodiazepines

To assess the influence of benzodiazepines on our
findings, we performed the same analyses after 23

Table 1. Clinical and demographic characteristics of
depressed patients and matched controls

Patients with
depression

Healthy
controls p

Gender (male/female) 38/82 38/82 1
Age (S.D.) 42.27 (12.6) 42.9 (13.17) 0.7
BMI (S.D.) 25.86 (5.15) 24.7 (8.1) 0.19
Hypertension, n (%) 27 (22.5%) 23 (19.1%) 0.51
Diabetes mellitus, n (%) 6 (5%) 6 (5%) 1
Current smokers, n (%) 21 (17.5%) 18 (15%) 0.59
Use of benzodiazepines,
n (%)

23 (19%) 23 (19%) 1

BMI, Body mass index (kg/m2); S.D., standard deviation.
The table displays clinical data from patients (from the
SELECT-TDCS clinical trial) and controls (from the
ELSA-Brasil cohort). The groups were compared with
t tests, χ2 tests or Fisher’s exact test, when appropriate.
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patients on benzodiazepines were excluded. As
observed, the comparison with controls revealed that
MDD, benzodiazepine-free patients (as compared to
benzodiazepine-free controls) presented decreased
HF (t95=4.68, p<0.001, Cohen’s d=0.59) and decreased
RMSSD (t95=3.78, p<0.001, Cohen’s d=0.49).

Results were also replicated when evaluating the
impact of treatment – i.e. for RMSSD we found no sig-
nificant effect of time (F157,1 =3.5, p=0.07), time×group
(F157,3 =0.4, p=0.75), time×responders (F157,1 =2.54,
p=0.11) and time×group×responders (F157,3 =0.4,
p=0.75), as well as for HF (F157,1 =2.36, p=0.12; F157,3
=0.4, p=0.7; F157,1 =2.11, p=0.14 and F157,3 =0.83,
p=0.28 for the effects of time, time×group,
time×responders and time×group×responders,
respectively).

Influence of outliers

We did not identify outliers using the Tukey’s boxplot
method. With the standard deviation method, we
found two values slightly above (<1 and 2%) the
upper limit for HF, and one value slightly above
(1%) of the upper margin for RMSSD. The exclusion

of these outliers did not statistically influence the
results.

Other HRV indices

The other HRV measures (approximate entropy,
Poincaré plots 1 and 2, symbolic measures 0 and 2 V)
confirmed the findings obtained for HF and RMSSD,
i.e. these measures did not change over time, in spite
of group and treatment response (Supplementary
material).

Discussion

Main findings

Our main findings confirmed that depression is associ-
ated with lower HRV (with a small-to-moderate effect
size vs. controls and moderate effect size when examin-
ing only the benzodiazepine-free participants) and
further demonstrated that HRV does not change fol-
lowing treatment, regardless of clinical response or
type of intervention. We now discuss these findings
and propose that previously reported reductions in
HRV are a result of pathophysiological mechanisms
of major depression per se – rather than the effects of

Table 2. Baseline characteristics of the sample (completers) according to the groups

Sham tDCS Active tDCS

Placebo Sertraline Placebo Sertraline

Clinical characteristics
Female/male (n) 14/9 12/11 18/5 19/6 0.28
Age (S.D.) 46.4 (13.7) 40.8 (11.9) 41.2 (12) 40.7 (12.7) 0.24
Baseline MADRS (S.D.) 30.8 (5.3) 30.5 (6.8) 30.8 (5.8) 30.7 (6.7) 0.99

Cardiovascular characteristics
BMI (S.D.) 25.4 (5.8) 25.7 (4.3) 26.3 (5.4) 25.9 (5.2) 0.92
Hypertension (%) 8 (27%) 6 (20%) 9 (30%) 4 (13%) 0.42
Diabetes mellitus (%) 1 (3%) 3 (10%) 1 (3%) 1 (3%) 0.55
Current smokers (%) 7 (23%) 7 (23%) 3 (10%) 4 (13%) 0.4

HRV baseline characteristics
ln RMSSD mean (S.D.) 3.6 (0.9) 3.2 (0.6) 3.6 (0.8) 3.3 (0.8) 0.21
ln HF mean (S.D.) 6 (1.8) 5.3 (1.2) 6.1 (1.6) 5.6 (1.5) 0.24

Depression endpoint scores
Endpoint MADRS (S.D.) 24.7 (8.6) 21.7 (13.1) 19.1 (12.2) 13.1 (8.5) <0.01
Response rate (%) 5 (17%) 10 (33%) 13 (43%) 19 (63%) <0.01
Remission rate (%) 4 (13%) 9 (30%) 12 (40%) 14 (46.7%) 0.03

tDCS, Transcranial direct current stimulation; MADRS, Montgomery–Asberg Depression Rating Scale; BMI, body mass index
(kg/m2); RMSSD (ms), the square root of the mean squared difference of successive normal to normal intervals; HF, high-
frequency (ms2).
RMSSD and HF are transformed in the natural logarithmic base (ln).
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the SSRI antidepressant class of medication – and that
low HRV is maintained following improvement in
depression symptoms.

Remarkably, HRV did not change significantly after
chronic tDCS treatment (i.e. 12 sessions applied over
6 wk) in depressed subjects. Only a few studies have
investigated tDCS effects on HRV, and all of them
have explored the immediate effects of a single-session
of tDCS on HRV in healthy subjects. Whereas
Vandermeeren et al. (2010) found no specific effects
on HRV after tDCS; Montenegro et al. (2011) observed
an increase in HF HRV in a subgroup of highly fit
athletes. Recently, our group (Brunoni et al., 2013a)
observed HF HRV to increase during anodal tDCS
while participants viewed negative-valence images,
indicating that tDCS may counterbalance the physio-
logical stress associated with viewing of negative
images. In this regard we recently proposed – in a
systematic review (Sampaio et al., 2012) – that acute
tDCS effects on cardiovascular activity occur during
stress-induced paradigms.

In the present study, on the other hand, we assessed
chronic tDCS antidepressant effects on HRV in patients
with MDD. Therefore, and also considering that we
collected endpoint HRV 4wk after the 10-d stimulation

period (and 2wk after the 4th-wk stimulation) we
were not particularly expecting acute modulatory
effects of tDCS on HRV (via, for instance, prefrontal
cortex activation), but rather, that tDCS could have
influenced HRV through depression treatment. In this
sense, our results should be compared with the
study of Udupa et al. (2007) which investigated
another non-pharmacological therapy – repetitive
transcranial magnetic stimulation (rTMS) – that is also
used on consecutive weekdays for MDD treatment
and acts through direct modulation of DLPFC activity.
These authors compared HRV changes after escitalo-
pram vs. rTMS and, although they reported HRV levels
to increase after rTMS and decrease following escitalo-
pram, in fact only the standard deviation of normal
to normal endpoint scores of rTMS were higher than
escitalopram (i.e. for all other HRV measures, patients
groupings did not differ). Furthermore, their study
presented some methodological limitations, including
its open-label design and non-standardized HRV
endpoint assessments (2 wk for rTMS and 4wk for
escitalopram). Conversely, our factorial design allowed
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Fig. 1. Heart rate variability scores in healthy controls and
depressed subjects before and after treatment. RMSSD, Root
mean square of successive differences; HF, high frequency.

Table 3. Heart rate variability values for healthy controls and
depressed subjects (according to group and treatment
response)

n

RMSSD HF

Mean S.D. Mean S.D.

Healthy controls 120 3.73 0.81 6.47 1.5
MDD patients
Before treatment 118 3.44 0.8 5.76 1.6
After treatment 93 3.22 0.78 5.44 1.54

MDD – responders (endpoint)
Total 40 3.2 0.81 5.48 1.56
Placebo 4 3.4 1.21 5.42 2.72
tDCS 10 3.16 0.54 5.42 0.95
Sertraline 7 3.3 0.66 5.79 1.42
Combined treatment 19 3.15 0.92 5.42 1.69

MDD – non-responders (endpoint)
Total 53 3.24 0.75 5.4 1.54
Placebo 18 3.21 0.73 5.21 1.6
tDCS 13 3.17 0.97 5.37 1.83
Sertraline 14 3.01 0.33 4.96 0.84
Combined treatment 8 3.81 0.77 6.6 1.4

tDCS, Transcranial direct current stimulation; RMSSD(ms),
square root of the mean squared difference of successive
normal to normal intervals; HF (ms2), high-frequency.
RMSSD and HF are transformed in the natural logarithmic
base (ln).
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direct HRV comparisons between treatments at the
same endpoint.

Like tDCS, the SSRI sertraline did not impact on
HRV either. This finding makes an important contri-
bution to the literature given the current debate
(Kemp, 2011; Kemp et al., 2010; Brunoni et al.,
2012a). Our meta-analysis (Kemp et al., 2010) of 11
studies found that HRV did not decrease after short-
term antidepressant treatment, with the exception of
tricyclic antidepressants. Conversely, the longitudinal
study of Licht et al. (2008) found that all antidepressant
classes were associated with lower HRV. They also
found that antidepressant discontinuation led to the
opposite effect, i.e. HRV increased to values similar
to those not on antidepressants. Studies with cardio-
vascular samples have also shown mixed results: for
instance, the trials of Glassman et al. (2007) and
McFarlane et al. (2001) reported HRV to decrease and
increase, respectively, after sertraline treatment in
depressed patients after acute coronary syndrome.

Considering the dispute over whether depression or
antidepressants adversely impact on HRV (Brunoni
et al., 2012a), our study indicates that MDD pathophy-
siology, rather than the pharmacological properties of
the SSRIs, are responsible for lower HRV values rela-
tive to healthy controls. Even though one cannot
ignore the direct effects of antidepressants on the
heartbeat – particularly for tricyclic antidepressants –
we found that HRV levels were no different to those
treated with tDCS, a non-pharmacological inter-
vention. In fact, we found that the SSRI treatment
(sertraline) does not decrease HRV in otherwise
healthy depressed patients, indicating that this class
of medications does not have additional hazardous
effects on the cardiovascular profile of the MDD
patient, at least in the short-term.

We also observed no overall differences between
responders vs. non-responders to either pharmacologi-
cal or non-pharmacological antidepressant treatment,
consistent with our meta-analysis (Kemp et al., 2010)
that reported no short-term changes in HRV on
MDD patients on pharmacotherapy with SSRIs. In
fact, our findings demonstrate that, despite resolution
of depressive symptoms, there is a general lack of
improvement in HRV, irrespective of type of treat-
ment, suggesting that HRV may be a trait marker for
depression. ‘State’ and ‘trait’ are definitions used in
psychopathology to differentiate certain biological
and psychological features that are only or mainly pre-
sent during the acute depressive episode (‘state’) from
others that can be observed even after remission or
prior to the first depressive episode (‘trait’), indicating
increased vulnerability to the disorder. In fact, sus-
tained low HRV in depression favors a ‘common soil’
theory relating to the relationship between depression
and cardiovascular diseases, since patients with
depression have an increased risk for myocardial
infarction and other heart disorders (Szczepanska-
Sadowska et al., 2010; Scherrer et al., 2011) and vice
versa (Glassman, 2007). In fact, the risk of having a
myocardial infarction is increased even when the
depressive episode occurred decades before (Ford
et al., 1998). This hypothesis is further corroborated
by our observation that depressed patients display
decreased HRV values relative to matched controls,
considering that low HRV is predictive of future
adverse cardiovascular events even in individuals
without a prior history of cardiovascular disease
(Sajadieh et al., 2004; Thayer et al., 2010).

Finally, it is important to emphasize that we focused
on two of the main HRV measures –RMSSD and HF;
RMSSD is a time-domain index commonly used for
assessing HRV and the most appropriate measure for
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Fig. 2. Heart rate variability changes according to group
and clinical response. RMSSD, Root mean square of
successive differences; HF, high frequency; tDCS,
transcranial direct current stimulation.
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short-ECG record intervals (Rottenberg, 2007; Lotufo
et al., 2012) while HF is a frequency-domain variable
related to parasympathetic activity – in contrast with
other frequency-domain variables (e.g. LF and LF/HF)
on which there is more uncertainty about what exactly
is being measured (Heathers, 2012). In fact, there are
about 30 HRV indexes described in the literature, high-
lighting a need to opt for those measures more exten-
sively studied in the literature (Kemp et al., 2010),
thus increasing the generalizability of our findings.
We also performed exploratory analyses in other five
potential HRV measures of interest (supplementary
material); obtaining results similar to those we found
for HF and RMSSD measures (no changes in HRV
measure after time, group and response). Therefore, it
is unlikely that the use of other HRV measures would
have led to different results.

Limitations

We performed the second HRV measurement 6 wk
after the first one. Although there is no consensus
regarding the optimal time period for assessing HRV
changes in MDD, HRV recovery may be delayed
after depression improvement, as this may involve
long-term, neuroplastic changes in the central auto-
nomic network (Thayer and Siegle, 2002). For instance,
changes in HRV after antidepressant onset/withdrawal
appear to be more evident in an extended follow-up
(Licht et al., 2010) and in the elderly (Kop et al.,
2010; Vasudev et al., 2011).

Further, we assessed the effects of only one
pharmacological (the SSRI sertraline) and one non-
pharmacological (tDCS) intervention. Therefore, other
treatments might have a different impact on HRV,
especially the SNRIs and tricyclic antidepressants.

Finally, although we identified two and one outliers
for HF and RMSSD, respectively, the removal of these
observations did not influence the results.

Theoretical and clinical implications

These findings suggest the hypothesis that low HRV
may reflect a trait marker of depression that could be
linked to the depressive phenotype, including social
impairment and lack of facial expressiveness, that
may persist with resolution of depressive symptoms
(Thayer and Siegle, 2002; Thayer et al., 2010). In this
regard, we have recently demonstrated a relationship
between HRV and emotion recognition (Quintana
et al., 2012), observing a positive association with per-
formance on the Reading the Mind in the Eyes Test,
suggesting that HRV may provide a novel marker of
ability to recognize emotions in humans. Major

depression is associated with a dysfunctional top-
down regulation, in which cortical areas such as the
prefrontal cortex are hypoactive and subcortical areas
such as the amygdala are overactive (Pizzagalli, 2011;
Kupfer et al., 2012; Nemeroff and Goldschmidt-
Clermont, 2012). This can be considered the biological
counterpart of Beck’s diathesis-stress model (Beck,
2008) that proposes there is a negative cognitive style
(characterized by pessimism, lack of hope and despair)
facilitating depression development. Moreover, ac-
cording to the polyvagal theory, proposed by Porges
(2009), subcortical structures coordinate three distinct,
phylogenetically ordered, autonomic systems, namely
the myelinated vagus (the parasympathetic system
associated with social engagement), the sympathetic
system and the unmyelinated vagus (parasympathetic
system associated with vegetative responses). These
systems are involved with depression phenotypes
and endophenotypes: the myelinated vagus, regula-
ting the facial expression of emotion and social inter-
action, is impaired in depression (Porges, 2009). In
fact, impaired response to emotional faces seems to
be a depression trait marker (Kerestes et al., 2012).
Likewise, hypersympathetic activity triggers, for
instance, the hypothalamic–pituitary–adrenal (HPA)
axis. Recently, it was shown that hypercortisolemia
can also be considered a depression trait marker (Lok
et al., 2012), particularly for patients with melancholia.
Finally, we suggest that the reduced parasympathetic
activity, reflected by decreased HF and RMSSD values,
is another trait marker for depression, which may be
underpinned by dysfunction in the subcortical struc-
tures regulating the polyvagal system.

From a clinical perspective, our findings do not
suggest that the issue of reduced vagal activity
in MDD should be overlooked by psychiatrists and
physicians, since there are many other pathophysiolo-
gical pathways (e.g. hypercortisolism, increased
activity of inflammatory cytokines and so forth) link-
ing depression to stress and cardiovascular disorders.
On the contrary, the finding that HRV might be a
trait marker for depression emphasizes the need for
treating not only the depressive symptoms but also
modifiable cardiovascular risk factors (smoking, obes-
ity, physical activity) and environment (work stress)
(Thayer et al., 2010) associated with MDD. Therefore,
our findings highlight the important relationship
between depression and decreased HRV, regardless
of depression improvement and type (pharmacological
vs. non-pharmacological) of antidepressant therapy,
which is clinically relevant in primary care, since
depression and cardiovascular disorders are highly
prevalent and related conditions. Therefore, patients
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with current or previous depressive episodes should
be screened and treated for other potential cardiovas-
cular risk factors, as recommended, for instance, by
the American Heart Association, American Psychiatry
Association and other groups (Lichtman et al., 2008).

Moreover, our study is the first to assess long-term
changes in HRV associated with repeated, daily tDCS
in patients with MDD. Although HRV did not increase
after tDCS, it did not decrease either, suggesting that
tDCS is a safe technique from a cardiovascular perspec-
tive in comparison to, for instance, the tricyclic anti-
depressants (Jakobsen et al., 1984). Non-invasive brain
stimulation therapies should also be considered as an
alternative non-pharmacological therapy for MDD,
considering other cardiovascular risk factors. Since
these techniques act primarily on the central andperiph-
eral nervous systems, it is unlikely that they lead to
hazardous metabolic effects (e.g. weight gain, glucose
intolerance, dyslipidemia), as is observed with some
antidepressants (including the SSRIs) and antipsycho-
tics. Non-invasive neuromodulation might also
decrease the activity of the HPA axis (Baeken et al.,
2011; Brunoni et al., 2013a), an important link between
MDD and cardiovascular illness (Lett et al., 2004; Maes
et al., 2011). Thus, the global cardiovascular impact of
tDCS and rTMS warrants further investigation.

Conclusion

We found that HRV values were lower in depressed
subjects compared to healthy, matched controls
and that HRV does not improve with successful treat-
ment by pharmacological (sertraline) or a non-
pharmacological (tDCS) means. Taken together, these
findings suggest that the pathophysiological features
of MDD, rather than pharmacotherapy – at least for
SSRI medication – drive reported HRV reductions in
patients. We hypothesize that chronic vagal under-
activity can be related to stable psychological features,
and, therefore, that decreased HRV is trait marker for
depression. Further, we suggest that such a trait links
depression with cardiovascular disorders, as both sus-
tained, low HRV and depression are associated with
increased cardiovascular risk. Finally, we conclude
that daily, repeated tDCS is a safe technique, which
is important in clinical settings, as tDCS is a promising
therapy for depression treatment.

Supplementary material

For supplementary material accompanying this paper,
visit http://dx.doi.org/10.1017/S1461145713000497.
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Abstract

Context: Oxytocin (OT) plays a key regulatory role in human social behaviour. While prior studies have examined the effects
of OT on observable social behaviours, studies have seldom examined the effects of OT on psychophysiological markers
such as heart rate variability (HRV), which provides an index of individual’s motivation for social behaviour. Furthermore, no
studies have examined the impact of OT on HRV under resting conditions, which provides an index of maximal capacity for
social engagement.

Objective: To examine the effects of OT on HRV measures in healthy male participants while at rest. OT was hypothesised to
increase HRV, compared to placebo, and that the effects would be greatest for a non-linear measure of HRV (the detrended
fluctuation scaling exponent).

Methods: Twenty-one male participants were recruited for this study. Participants were non-smokers, not on any
medications and reported no history of psychiatric illness, neurological disorder, or any other serious medical condition (e.g.
diabetes, cardiovascular disease). The study employed a randomised, placebo-controlled, within-subject, crossover,
experimental design.

Main Outcome Measures: HRV was calculated from electrocardiography under a standardized, 10-minute, resting state
condition.

Results: As hypothesised, OT increased HRV and these effects were largest using the detrended fluctuation scaling
exponent, a non-linear measure. These changes were observed in the absence of any change in state mood, as measured by
the profile of mood states. Importantly, participants were unable to correctly guess which treatment they had been
assigned at either of the two assessments.

Conclusions: Together with the broader literature on OT and HRV, findings suggest that acute administration of OT may
facilitate a fundamental psychophysiological feature of social behaviour, increasing capacity for social engagement.
Findings also suggest that HRV changes may provide a novel biomarker of response to OT nasal spray that can be
incorporated into research on response to treatment.
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Introduction

The mammalian neuropeptide, oxytocin (OT), plays a central

regulatory role in human social behaviour and social cognition.

OT nasal spray increases attention, encoding, and retrieval of

social cues from memory, and it alters how social cues are

appraised [1]. We have proposed a novel hypothesis for un-

derstanding the role of OT in human affect [2,3] highlighting a key

role for OT in the regulation of approach- and withdrawal-related,

social behaviours. While social behaviour is associated with the

motivation to approach or withdraw, this motivation may not always

lead to overt, observable behaviour. One candidate psychophysiolog-

ical marker of approach-related motivation is heart rate variability

(HRV). Studies remain to be conducted that examine the effects of

OT in humans on heart rate variability (HRV) at rest; a biomarker

of an individual’s maximal capacity for social engagement. This is

the objective of the present study.
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OT may upregulate parasympathetic and/or reduce sym-

pathoadrenal responses through a number of mechanisms.

Receptors for OT are located in pathways regulating the

myelinated vagus [4], which provides the neurophysiological

substrates for social engagement. The myelinated vagus is

regulated by the nucleus ambiguous, a brainstem nucleus that is

also involved in regulation of the striated muscles of the face and

head [4]. Receptors for OT are also located in pathways

regulating the unmyelinated vagus [4]; OT receptors here may

help to protect the autonomic nervous system during times of

extreme stress avoiding for example, freezing behaviours and

vasovagal syncope [4,5]. OT may also impact on autonomic

control through its influence on neural structures such as the

amygdala; a region that expresses OT receptors in high density [6]

and orchestrates complex autonomic patterns [7]. Neuroimaging

research has demonstrated that the effects of OT are dependent on

the nature of the stimulus, such that OT attenuates amygdala

activation for fearful faces, but enhances activity for happy faces

[8]. OT and its receptors are also present in cardiac tissue [9],

indicating that peripheral mechanisms may also lead to changes in

HRV. These mechanisms provide the neurophysiological sub-

strates that underpin our social-approach/withdrawal hypothesis

[2,3], such that withdrawal-related behaviours are inhibited

(anxiolysis), and approach-related social behaviours (social en-

gagement) are increased.

HRV is the variability in consecutive heartbeats, such that

increases in this measure reflect increased parasympathetic

(inhibitory) control over sympathetic nervous system activity.

HRV has traditionally been employed in studies examining

cardiovascular risk: reduced HRV is associated with an increased

risk of cardiovascular disease and sudden cardiac death [10].

Other studies have reported that increases in HRV are associated

with positive emotions such as cheerfulness and calmness [11], and

trait positive emotionality [12]; emotional states consistent with

polyvagal theory [4,5], which highlights a specific role for HRV in

social engagement. By contrast, we have published a number of

studies [13,14] highlighting that large reductions in HRV are

displayed in unmedicated, otherwise healthy patients with de-

pression and anxiety; disorders characterised by reductions in

approach and increases in withdrawal-related behaviours. How-

ever, null findings have also been reported and these may be due,

in part, to reliance on time-domain or frequency HRV measures.

It is now understood that the heart is not a periodic oscillator and

conventional measures of HRV such as those based on time- and

frequency-domain analysis may not be sufficiently sensitive to

detect important (nonlinear) changes in heart rate time series

[15,16].

Heart rate in healthy participants are fractal because they

display self-similar or scale-invariant fluctuations over a wide

range of time series [17]. Fractal measures of HRV such as the

detrended fluctuation scaling exponent do not measure the

magnitude of the variability. Instead, the qualitative aspects and

correlational features of heart rate behaviour are determined [17].

Consistent with this proposal we have recently demonstrated that

non-linear measures of HRV [13,14] and the detrended fluctu-

ation analysis (DFA) technique [14] in particular, may be more

sensitive to group differences. The current study will capitalise on

the increased sensitivity of nonlinear measures by complementing

HF HRV, an indicator of parasympathetic inhibition, with the

detrended fluctuation scaling exponent (DFAa1), to determine

whether OT increases the flexibility and adaptability of heart rate

as measured by detrended fluctuation analysis.

Studies have seldom examined the capacity for OT to alter

HRV and those that have report contradictory findings. Research

on the socially monagomous prairie vole [18] reported that OT

prevents the negative behavioural and autonomic consequences of

long-term social isolation. Behaviours relevant to depression (i.e.

reduced sucrose intake and increased immobility in the forced

swim test), and autonomic parameters (i.e. increased basal heart

rate and reduced HRV) that result from social isolation were

prevented by 14 days of OT administration. A more recent study

by the same authors [19] reported that 14-days of OT also reduces

autonomic reactivity to acute stress. Both of these studies reported

that autonomic effects of OT do not extend to prairie voles that

had been paired with a female sibling. However, a study on

healthy, college-age male and female human participants [20]

demonstrated that OT increases high frequency (HF) HRV while

participants were engaged in a variety of (non-stressful) activities.

This study also reported decreased pre-ejection period, a marker

of enhanced sympathetic control. Furthermore, no effects were

observed on heart rate, blood pressure, pro-inflammatory

cytokines, catecholamines or the HPA axis hormones highlighting

the sensitivity of HRV measures to OT administration.

It remains unclear whether OT is able to increase HRV in

a resting state in the absence of any external demands on

participants. This is important because attentional demand

decreases HRV [21], and OT may either attenuate or reverse

these effects. Examining the effects of OT on HRV during rest will

determine whether OT increases an individual’s capacity for social

engagement. Increases in HRV at rest would have important

implications for understanding the effects of OT on preparedness

for social interaction and the ability to adapt to future

environmental demands. The aim of the present study, therefore,

was to examine the effects of OT on HRV measures in healthy

male participants while at rest. We hypothesized that OT would

significantly increase HRV, compared to placebo, and that the

effects would be greatest for the detrended fluctuation scaling

exponent, a non-linear measure of HRV. The sinus rhythm is

controlled by multiple and complex neural mechanisms and non-

linear analysis provides the means to capture this complexity

embedded in heart rate time series. We expected changes to be

observed in HRV in the absence of any change in state mood, as

measured by the profile of mood states.

Methods

Participants
Twenty-one, non-smoking healthy male volunteers were

recruited for this study and received either university course

credit or reimbursement for their participation. Exclusion criteria

were self-reported history of psychiatric illness, neurological

disorder, or any other serious medical condition (e.g. diabetes,

cardiovascular disease). Smokers were excluded from this study, as

were those on psychotropic medications, including St. John’s

Wort, which is often used as an antidepressant. Only males

participated in this study to avoid the potential confounding effects

of gender-dependent OT effects [22]. Participants were asked to

abstain from caffeine, alcohol and illicit substances on the day of

testing, and all food and drink (except water) for two hours prior to

receiving the intranasal spray, as per previous studies [23]. The

University of Sydney’s Human Research Ethics Committee

provided ethical approval for this study and all participants gave

written informed consent in accordance with National Health and

Medical Research Council guidelines.

Procedure
This study employed a randomised, placebo-controlled, within-

subject, crossover experimental design in order to investigate the

Oxytocin Increases HRV in Humans at Rest
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effects of OT on HRV (see Fig. 1). Participants underwent two

experimental sessions involving administration of either an OT or

placebo intranasal spray at the first session, and the alternate spray

at the second session. A one-week interval between sessions was

implemented to minimise any carry-over effects of OT. The order

of drug administration (OT first, placebo first) was counter-

balanced across participants and participants were tested at the

same time of day on both of their testing sessions (i.e., either in the

morning: 0900–1200 h, or in the afternoon: 1400–1700 h), in

order to minimize any circadian effects [24]. Prior to treatment

administration, participants completed the Profile of Mood States

(POMS) questionnaire [25,26], a commonly used self-report

measure of anxiety, anger, depression, confusion, fatigue and

vigor, as per prior research on OT [27]. Participants rate each

item on a 5-point Likert scale (0: ‘‘not at all’’ characteristic of how

I feel right now; 4: ‘‘extremely’’ characteristic of how I feel right

now). Participants were then administered a standard dose of 24

intranasal units (IU) (three puffs per nostril, each puff containing

4 IU) of either OT or placebo, which contained all ingredients

except active OT.

Following administration of treatment, participants were seated

in a dimly lit room and setup for the electrocardiogram (ECG)

recording. Ag/AgCl electrodes were attached to each participant

in a modified Lead-II formation: active electrodes were positioned

on the right clavicle and left lower abdomen, and a reference

electrode positioned at the tip of the nose. ECG recordings began

45 minutes after drug administration to coincide with the peak

pharmacokinetics of OT. The ECG was recorded for ten minutes

in a sitting, resting eyes-closed state using Contact Precision

Instruments (Cambridge, Massachusetts) amplifiers, sampled at

500 Hz. Upon completion of recording, all equipment was

removed and participants completed the POMS questionnaire

for a second time.

Data Analysis
ECG data from 4 participants could not be analysed due to

difficulties with data collection, leaving a total of 17 participants

for further analysis. All ECG data was manually inspected prior to

analysis: data quality was high, consistent with resting-state

recording conditions. R-R intervals were extracted from the

ECG using LabChart software (version 5.1.1, ADInstruments,

Australia), which were then imported into Kubios software

(available at: http://kubios.uku.fi) for calculation of HRV

measures including the high frequency (HF) component, expressed

in normalized units, and the detrended fluctuation scaling

exponent (DFAa1). Frequency domain analysis yields two or

more peaks and the high frequency peak (0.15–0.4 Hz) was

extracted for analysis as it the most commonly reported index of

HRV, reflecting parasympathetic (vagal) control of heart rate [28].

Detrended fluctuation analysis technique determines the short-

term, self-similar properties of the R-R interval time series. White

Gaussian noise (a totally random signal) is reflected in a value of

0.5; a Brownian noise signal (a signal in which higher frequencies

display decreased power) is reflected in a value of 1.5 [15]. Specific

hypotheses were tested using two planned pair-wise comparisons

(on HF and DFAa1) and a critical statistical threshold was set at

p,0.05 (one-tailed). To determine whether OT had any effects on

state mood, POMS data was analysed using a 2 Time (pre, post

treatment) by 2 Treatment (OT, placebo) repeated measures

ANOVA. Effect size measures (Cohen’s d) relating to the

differences between treatment groups are reported when signifi-

cant.

Results

Participant Characteristics
Participants were aged between 19 and 42 years (M=24.48,

SD=5.05), with years of education ranging from 13 to 24 years

(M=16.57, SD=2.93). Consistent with prior studies [27], OT did

not impact on anxiety, anger, depression, confusion, fatigue, or

vigor (all p’s .0.48). Participants were unable to correctly guess

which treatment they had been assigned at either of the two

assessments. The percentage of participants guessing they received

OT did not differ by drug condition for session 1 (30% receiving

placebo versus 18% receiving OT, p= 0.64, Fisher’s exact test),

nor for session 2 (64% receiving placebo versus 30% receiving OT,

p= 0.19, Fisher’s exact test). In total, 5 participants on OT and 13

on placebo reported side effects. Side effects over the two sessions

included slight headache (N= 8), drowsiness (N= 7), feeling

relaxed (N= 2) and tingling in extremities (N= 1).

Heart Rate Variability
As hypothesised, HRV was increased under OT relative to

placebo conditions for both DFAa1 [t(16) = 2.13, p=0.02,

d=0.47] and HF [t(16) = 1.468, p=0.08, d=0.27] (See Fig. 2).

Although participants display a lower DFAa1 value than those

given placebo, this finding indicates a more random signal

consistent with an increase in HRV. Kolmogorov-Smirnov and

Shapiro-Wilk tests of normality both confirmed that the distribu-

tions of DFAa1 and HF were normal.

Discussion

Findings supported the hypothesis that OT acts to increase

HRV in the absence of any external demands on participants,

consistent with the concept that OT (directly or indirectly)

increases ones capacity for social approach-related behaviour. We

also demonstrate that the impact of OT is greatest in non-linear

measures of HRV consistent with the proposal that non-linear

measures may be more sensitive to group differences [13] and

have more clinical relevance than conventional measurements of

HRV [16]. The present study has a number of methodological

strengths including a randomised, placebo-controlled, within

subject, crossover experimental design; examination of non-linear

measures of HRV; and inclusion of only male participants to avoid

the potential confounding effects of gender.

A number of theories provide a theoretical framework in which

the effects of OT on HRV may be understood. We have

previously proposed [2,3] that OT may serve to increase social

approach-related motivation, and decrease withdrawal-related

motivation. This theory has a number of features; the most

relevant for the current study is that motivation involves

energizing and directing action, which may or may not manifest

itself as an observable behaviour. In the current study we observed

OT to increase HRV, while no changes were observed on self-

report measures of mood states. These findings are interpreted in

terms of increasing the motivation and capacity for approach-

related behaviour. The polyvagal theory [4,5] provides the

theoretical framework for understanding how increases in HRV

may be related to the motivation for approach-related behaviour.

The polyvagal theory focuses on the phylogenetic shift from

reptiles to mammals involving specific changes to the vagal

pathways regulating the heart [29]. Only mammals have

a myelinated vagus – originating in the nucleus ambiguous –

and through the process of evolution, the brainstem nuclei became

integrated with the muscles of the face and head. These

connections provide the neurophysiological substrates for social
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engagement for which approach-related motivation is essential.

Our findings therefore have important implications for un-

derstanding the physiological correlates underpinning approach-

related motivation.

While OT may serve to increase ones capacity for approach-

related motivation, this capacity need not be a conscious process.

Indeed, our study observed no change in anxiety, anger,

depression, confusion, fatigue, or vigor as assessed using the

POMS [25,26]. The polyvagal theory [29] proposes an automatic,

subcortical mechanism – neuroception – that is capable of

identifying environmental and visceral features that are safe,

dangerous or life-threatening. Neuroception is triggered by feature

detectors in the temporal cortex, which respond to voice prosody,

facial expressions and hand movements. OT may serve to increase

ones sensitivity to such cues. In this regard, we have observed OT

to increase ones gaze to the eye region of human faces [23], which

may serve to enhance emotion recognition, interpersonal com-

munication and social approach. Neuroception may also be

triggered by afferent feedback from the viscera; this visceral

feedback represents a major mediator of the extent to which social

engagement will take place. Reduced HRV observed in, for

example, the mood and anxiety disorders [13,30] will compromise

the capacity to detect positive social cues and engage with others.

Figure 1. Participant flowchart.
doi:10.1371/journal.pone.0044014.g001
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By contrast, we show here that OT increases HRV, which will

lead to increased flexibility and adaptiveness to the environment.

Although there has been a proliferation of OT research,

relatively few studies have focused on autonomic responses. This is

an important area of study considering the health benefits

associated with increased HRV. Investigation of the impact of

OT on HRV also provides an opportunity to understand effects on

motivation for social behaviour. An earlier study reported that OT

increases autonomic (parasympathetic and sympathetic) cardiac

control [20] while participants were engaged in a variety of (non-

stressful) activities. Here we observed increases in parasympathetic

control (increased HF HRV, at trend levels), and a significant

reduction in the nonlinear measure DFAa1 while participants in

the absence of any external demands on participants. Tulppo and

colleagues [17] have characterised reductions in DFAa1– a finding
we report here – as coactivation of sympathetic and vagal outflow;

consistent with that reported by Norman and colleagues [20]. Our

findings therefore provide support for the findings reported by

Norman and colleagues but extend their findings to the impact of

OT on HRV during a quiet resting state.

As well as providing support for our social-approach/with-

drawal hypothesis, our findings shed further light on a more

comprehensive model of motivation. A recent review of animal

and human neuroendocrinology [31] highlights that approach and

withdrawal motivation provide an important framework for

understanding affect, cognition and behaviour across a variety of

domains. However, an important distinction is made between

approach-motivated appetitive states that increase capacity for

action versus a quiescent state associated with positive feelings of

warmth and calm in which motivation to act is absent. The

authors highlight that approach motivation and quiescence should

be distinguishable in terms of autonomic responses. They suggest

that approach motivation would be associated with increased

sympathetic activity, while quiescence would be associated with

parasympathetic activity. Norman and colleagues [20] reported

that OT increases both parasympathetic and sympathetic control.

Consistent with this, we show here that OT decreases the

detrended fluctuation scaling exponent, a finding that is associated

with coactivation of sympathetic and vagal outflow [17]. We

suggest therefore that OT facilitates approach-related behaviour

rather than quiescence.

Our findings suggest that heart rate variability changes may

provide a novel biomarker of OT nasal spray influence in humans

that can be incorporated into circuitry models. We have argued

for the need to adopt a circuitry approach to understand the

impact of OT nasal spray in humans [1]. HRV may have value in

predicting therapeutic response to intervention, or even the

direction of the response to intervention. This possibility needs

to be examined in future research. Future studies should consider

collecting HRV data before and after drug administration to

minimise within-subject variability of HRV and maximise observ-

able effects. On the basis of our research here, and that of others

[20], it would seem prudent to incorporate heart-rate variability

measures into clinical studies to determine utility as a potential

marker of response to intervention.

The recent proliferation of human research on OT highlights

a critical role for OT in the regulation and facilitation of

approach-related motivation, which led to the proposal of our

social-approach/withdrawal hypothesis. A limitation of our study

is that no psychological assessment was conducted to distinguish

between the different hypotheses that have been proposed for the

impact of OT [3]. Future studies should consider using tasks that

involve emotional experience and that directly compare the

specific hypotheses. Regardless, the present study identifies HRV

as a potential marker of response to OT, and suggests that OT

may increase approach-related motivation and the capacity for social

engagement. As the potential therapeutic implications of OT are

increasingly explored, this study provides important evidence for

how OT may exert its salubrious effects, particularly in those

disorders characterized by impairments in social cognition and

social engagement such as autism, affective disorders and sub-

stance dependence. In conclusion, the findings of the present study

indicate that intranasal OT administration increases HRV at rest

and that these effects may be greatest for non-linear measures of

HRV.
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Figure 2. Heart rate variability (HRV) findings for high
frequency (HF) – the most commonly reported measure of
HRV – and the detrended fluctuation scaling exponent (DFAa)
– a non-linear measure of HRV that is more sensitive to the
impact of OT. Data presented are means 6 standard errors of the
mean (SEM).
doi:10.1371/journal.pone.0044014.g002
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Abstract

Objective: Active anxiety disorders have lasting detrimental effects on pregnant mothers and their offspring but it is
unknown if historical, non-active, maternal anxiety disorders have similar effects. Anxiety-related conditions, such as
reduced autonomic cardiac control, indicated by reduced heart rate variability (HRV) could persist despite disorder
resolution, with long-term health implications for mothers and children. The objective in this study is to test the
hypotheses that pregnant mothers with a history of, but not current anxiety and their children have low HRV,
predicting anxiety-like offspring temperaments.
Methods: The participants in this case-control study consist of 56 women during their first trimester and their
offspring (15 male, 29 female). Women had a history of an anxiety disorder (n=22) or no psychopathology (n=34)
determined using the Mini-International Neuropsychiatric Interview. The main outcome measures were indices of
autonomic cardiac control including root mean square of successive differences (RMSSD) and high frequency (HF)
variability. Children’s fearfulness was also assessed using the Laboratory Temperament Assessment Battery (Lab-
TAB)-Locomotor Version.
Results: HRV was lower in women and children in the past anxiety group compared to controls. HRV measures for
mothers and children were positively correlated in the anxiety group only. In all children, low HRV measures at 2-4
months were associated with a higher chance of fearful behavior at 9-10 months.
Conclusions: Pregnant women with previous but not current anxiety and their children have low HRV. Children with
low HRV tend to show more fearfulness. These findings have implications for identifying children at risk of anxiety
disorders and point to possible underlying mechanisms of child psychopathology.
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Introduction

More than one third of adults have a history of anxiety
disorders and women are twice as likely to experience such
disorders [1]. Though the presence of anxiety disorders during
pregnancy has an impact on both mothers and their offspring
[2,3], it is not known if a resolved anxiety disorder is similarly

important. Mood and anxiety disorders are associated with
abnormal autonomic nervous system (ANS) function, indexed
by reduced heart rate variability (HRV). Reduced HRV is a
marker of physical and mental ill health and has been identified
as a risk factor for various diseases, including cardiovascular
disease (CVD) and mortality [4-8]. If autonomic abnormalities
(e.g., low HRV) also persist in pregnant women who have had
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an anxiety disorder, these could have important, under-
appreciated health risks in both, mothers and their children.
However, it is not known whether past mental disorders could
affect pregnant women and their children via reduced HRV, or
other uncharacterized mechanisms. HRV of the developing
fetus is altered in the offspring of mothers with a number of
psychiatric conditions, including anxiety disorders, and these
differences persist postnatally [9-11]. This suggests that the
development of the ANS may be susceptible to the influence of
maternal characteristics, with potential long-term
consequences for the health of the offspring. Therefore,
improved understanding of the relationship between maternal
psychiatric illness, HRV and infant physical and mental
wellbeing is an important goal.

In this study, we aimed to assess the physiological correlates
of past maternal anxiety disorders in both pregnant mothers
and their offspring, focusing on HRV as a potential shared risk
factor for ill health and abnormal autonomic function. To
optimize our study, HRV was measured at rest and during
mental stress. Although associations with HRV are apparent at
rest [12,13], they are often more evident when participants are
exposed to stress [14], and anxious individuals may be
particularly sensitive to such stress exposure [15,16]. We
assessed HRV in mothers with a remitted anxiety disorder and
healthy controls in their first trimester of pregnancy, a critical
period of fetal development. We then assessed the HRV of
their offspring at 2-4 months of age and the child’s
temperament at 9-10 months.

We hypothesized the following: 1) mothers with a past, but
no current, anxiety disorder will demonstrate abnormal
autonomic physiology (particularly low HRV); 2) these
differences will be more apparent under stress than under rest;

3) maternal HRV will be positively correlated with offspring
HRV; 4) offspring of mothers with a history of an anxiety
disorder will display abnormal autonomic physiology (low HRV)
and; 5) this will be associated with temperamental disturbances
in the offspring that might be considered predictive of later
psychopathology.

Materials and Methods

Participants
Participants in the present study were recruited as part of the

Prenatal Early Life Stress (PELS) study by midwives and
hospitals, between May 2009 and July 2010. The overarching
goal of PELS is to study the associations between prenatal risk
factors, birth outcome and altered child psychophysiology and
neurodevelopment. For the purposes of the present study, a
group of women with a past, but no current, anxiety disorder
(PAD group) and a healthy control group without any history of
psychopathology were defined. No participants with a current
diagnosis of an anxiety disorder were available from the PELS
study. PAD included panic disorder, agoraphobia, generalized
anxiety disorder, social phobia, obsessive-compulsive disorder
and posttraumatic stress disorder. In the PAD group, 17
women had only one of these anxiety diagnoses, while five
women had two of them. Nine women also had a history of
comorbid depression and five had a history of a comorbid
eating disorder. None of the participants were under treatment
for a current mental disorder, used cardiovascular medications
or antidepressants. Loss to follow-up or attrition due to data
loss in the groups is shown in Figure 1.

Figure 1.  Consort diagram.  This figure shows the loss to follow-up or attrition in the study participants.
doi: 10.1371/journal.pone.0083186.g001
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Ethics Statement
The Medical Ethics Committee of the St. Elisabeth hospital in

Tilburg (the Netherlands) approved the study. All participants
provided informed, written consent for themselves and their
children.

Procedures
Psychological and Psychiatric Assessment of

Mothers.  The Mini-International Neuropsychiatric Interview 6.0
[17] was administered within the second pregnancy trimester to
assess past maternal psychopathology. This is a structured
interview based on Diagnostic and Statistical Manual of Mental
Disorders, 4th Edition (DSM-IV) criteria. In the first pregnancy
trimester women completed the state anxiety subscale of the
State Trait Anxiety Inventory [18]. The women rated
themselves on twenty items on a four-point Likert scale ranging
from “(1) - not at all” to “(4) - very much”, resulting in an anxiety
total score ranging between 20 and 80.

Relaxation and Stress Tasks.  In the first pregnancy
trimester each mother undertook a 25-minute task that
consisted of five testing phases, lasting 5 minutes each. Stress
was induced in the second and fourth phase, with the
remainder being relaxation phases. During the stress phases,
participants were asked to solve complex mental arithmetic
problems, involving five mathematical operations on 2-3 digit
numbers without verbalization (e.g., (361+11)÷(3× 4)+137).
They were asked to choose the correct answer from three
possibilities presented by a computer. Feedback on the task
was given after completion of the last phase [19]. Participants
viewed peaceful pictures and listened to restful music during
the relaxation phase [20].

ECG Recording.  During the relaxation and stress tasks
maternal ECG was recorded using the Vrije Universiteit
Ambulatory Monitoring system (VU-AMS) [21] in a three Ag/
AgCl electrode placement configuration: (1) on the sternum
over the first rib between the two collarbones, (2) at the apex of
the heart over the ninth rib on the left lateral margin of the
chest, and (3) at the lower right abdomen (ground electrode).
The skin was cleaned with alcohol to ensure impedance was
low. Five-minute HRV measurements were determined for the
relaxation and stress phases separately.

Children’s ECGs were collected when they were 2-4 months
of age. The active electrode was placed on the child’s thorax,
while the reference and ground electrode were on an EEG cap
[22]. These recordings were made using a Biosemi ActiveTwo
biopotential measurement system. Although some data were
discarded due to motion artifacts, HRV measurements were
determined from the average of 3 to 5 blocks of ECG, lasting
2.5 minutes each.

Behavioral Assessment of the Children.  An additional
assessment of child behavior at 9-10 months of age was
conducted using the Laboratory Temperament Assessment
Battery (Lab-TAB)-Locomotor Version [23], a more ecologically
valid and less biased assessment of child behavior and
temperament than parental-report measures with demonstrable
clinical value [24]. The child was presented with a robotic dog
(the unpredictable mechanical toy paradigm from the fear
subscale) that was barking and walking towards them. Based

on the children’s facial expression, body posture, vocalizations,
and escape behavior, indicators of fear were assessed for the
first 20 seconds [25]. A researcher, blind to maternal data,
rated the recorded videotapes using the standard scoring
procedures. Observed fearfulness was calculated from the fear
indicators. As the fearfulness measure could not be
normalized, children with a score of 0 or 1 were categorized as
not fearful, while children with a score above 1 were
considered fearful.

Data Processing and Analyses
ECG data were processed using custom software written in

Matlab (Mathworks, Natick, USA) to obtain indices of
parasympathetic ANS activity, according to published
standards [26]. These measures were root mean square of
successive differences (RMSSD) and high frequency (HF)
variability. ECG beat detection was carried out with the Hilbert
transform algorithm [27]. Potentially erroneous beat detections
were identified using a standard approach and screened for
validity [28]. As HRV measures were right-skewed, they were
natural log transformed to normality. Data for three mothers
were excluded due to extreme values; visual inspection of the
ECGs suggested that these outliers were due to cardiac
arrhythmias.

Statistical analyses were performed using SPSS 19 [29]. A
repeated measures ANOVA was used to examine the
differences between mothers’ HRV during the various phases
of the mental arithmetic task across the two groups (healthy
group versus PAD group). Mother’s age and pre-pregnancy
BMI were included as covariates. To account for mothers’ state
anxiety, we conducted a propensity score matching to balance
state anxiety, age and BMI in both groups. This procedure was
executed using a custom designed plugin [30] for IBM SPSS
Statistics. Logistic regression is used to determine a predicted
score that relates to the propensity for participants to belong to
a particular group based on a given set covariates. The
matching algorithm was fine-tuned by discarding units outside
the area of common support to improve balance on covariates,
and using a ‘caliper’ of 0.5 – this is the standard deviation of
the logit of the propensity score – to prevent ‘bad’ matches.
After the propensity score is estimated, cases with the closest
score are matched using a simple 1:1 nearest neighbor
matching routine based on a ‘greedy’ matching algorithm. A
series of model adequacy checks were then performed
including inspection of numerical balance measures, diagnostic
plots and re-examination of group differences across the
covariates entered into the PS analysis. Next, mothers’ state
anxiety was added as covariate in the repeated measures
ANOVA. Independent t-tests were conducted to investigate
group differences in children’s HRV. Linear regression
analyses were conducted to determine whether maternal HRV
was associated with that of their children, and logistic
regression analyses to determine whether children’s HRV at
2-4 months of age was associated with fearfulness at 9-10
months of age. Regression analyses were controlled for sex,
age, birth weight, and gestation length of the child and mother’s
state anxiety. The effect of offspring HRV on the continuous
variable fearfulness was also tested for significance by

Past Maternal Anxiety, HRV & Child's Temperament

PLOS ONE | www.plosone.org 3 December 2013 | Volume 8 | Issue 12 | e83186

 69



generating bootstrapped 95% confidence intervals as the
fearfulness variable was not normal.

Results

Participant Characteristics
Characteristics of mothers and children in the healthy and

PAD groups are shown in Table 1. Importantly, no differences
between groups were observed for variables that might have a
confounding influence on HRV, except for mothers’ state
anxiety. Age and BMI of mothers, and age, sex distribution,
birth weight, fearfulness and gestation length of the children did
not differ significantly between the groups. Propensity score
matching identified and matched 18 mothers in each group,
providing a matched sample across all of the critical
confounding factors, including mothers’ state anxiety.

Table 1. Comparison of mean (SD) characteristics of
mothers and children in the healthy group versus the past
anxiety disorder group.

 Healthy Past anxiety p-value
Mothers    
N 34 22  
AGE (yr) 34.31 (3.14) 33.47 (4.95) .44
BMI (kg/m2) 24.51 (4.98) 24.13 (3.13) .75
STAI (state)a 33.29 (5.79) 39.05 (6.98) .001
RMSSD Phase 1 (rest) (ln ms) 3.46 (0.53) 3.2 (0.44) .06
RMSSD Phase 2 (stress) (ln ms) 3.31 (0.48) 2.92 (0.48) .005
RMSSD Phase 3 (rest) (ln ms) 3.38 (0.45) 3.15 (0.51) .08
RMSSD Phase 4 (stress) (ln ms) 3.28 (0.43) 3.08 (0.51) .13
RMSSD Phase 5 (rest) (ln ms) 3.47 (0.46) 3.17 (0.45) .02
HF Phase 1 (rest) (ln ms2) 6.16 (1.02) 5.69 (0.77) .07
HF Phase 2 (stress) (ln ms2) 5.92 (0.92) 5.25 (0.86) .009
HF Phase 3 (rest) (ln ms2) 5.99 (0.91) 5.49 (0.93) .05
HF Phase 4 (stress) (ln ms2) 5.97 (0.72) 5.39 (0.8) .006
HF Phase 5 (rest) (ln ms2) 6.25 (0.84) 5.54 (0.85) .003

Children at 2-4 months
N 28 16  
Age (wk) 15.2 (5.1) 16.6 (6.2) .41
Sex 8 boys, 20 girls 7 boys, 9 girls .31f

Gestation (wk) 39.4 (1.1) 39.1 (2.1) .54
Birth weight (g) 3330 (348) 3269 (562) .87
RMSSD Rest (ln ms) 2.47 (0.51) 2.16 (0.44) .048
HF Rest (ln ms2) 4.43 (1.04) 3.78 (1.00) .048

Children at 9-10 months
N 15 7  
Age (wk) 35.7 (3.1) 35.7 (3.6) >.99
Sex 4 boys, 11 girls 4 boys, 3 girls .17b

a Analysis focused on the state anxiety subscale of the STAI (20 items measuring
the intensity of anxiety-related symptoms).
b X2 test
doi: 10.1371/journal.pone.0083186.t001

Impact of Past Anxiety Disorder in Women
Repeated measures ANOVA analysis, adjusted for mother’s

age and pre-pregnancy BMI, revealed a significant between-
subjects effect of group (i.e. PAD or healthy) on both RMSSD
HRV (RMSSD: F(1,52)=4.37, p=.04, partial η2=0.08) and HF
HRV (HF: F(1,52)=6.68, p=.01, partial η2=0.12), indicating
reduced HRV in women with PAD (Figure 2, a and b). In
addition, there was a significant within-subjects effect of phase,
indicating that mothers’ HRV was significantly different across
phases (RMSSD: F(1,52)=11.16, p<.001, partial η2=0.18 HF:
F(1,52)=5.73, p<.001, partial η2=0.10) (see Table 1). There was
no interaction effect of group by phase, therefore, subsequent
analyses are based on the mean HRV over all five phases,
since the aim of our study was to study differences between
women with a PAD and the healthy group. Between-subjects
effects of group remained significant for HF HRV
(F(1,36)=4.23, p=.048, partial η2=0.12), but not for RMSSD
(F(1,36)=1.60, p=.22, partial η2=0.05) when tests were run on
the propensity score matched sample.

Associations Between Maternal and Offspring HRV
Regression analysis, adjusted for mother’s state anxiety,

offspring’s sex and age, revealed a significant group x mother’s
HRV interaction effect on offspring’s HRV RMSSD (β=0.98, p=.
01) and HRV HF (β=0.95, p=.046), indicating that there is a
positive significant association between maternal and offspring
HRV in the PAD group, but not in the healthy group. Adding
birth weight and gestation length as additional covariates
showed that the relationship between maternal and infant HRV
was not influenced by changes in birth weight and gestational
age.

Impact of Maternal Past Anxiety Disorder on Offspring
HRV

An independent t-test showed that children of mothers with a
PAD have lower HRV than those born to mothers without a
PAD (RMSSD t(42)=2.04, p=.048, Hg=.65; HF t(42)=2.05, p=.
048, Hg=.65; Table 1 and Figure 2, c and d). Maternal state
anxiety was inversely correlated with offspring RMSSD HRV
but this had marginal significance (r=-0.27, p=.08), while the
correlation for HF HRV was significant (r=-0.33, p=.03). These
were correlations in the total group (consisting of the healthy
group and PAD group); no correlations were found between
maternal state anxiety and offspring HRV when focusing on
groups separately (p>.05).

Relationship between Offspring Temperament and
Offspring HRV

Logistic regression analyses controlling for age, sex and
gestation length indicated that the children’s HRV at 2-4
months of age was inversely associated with measures of their
fearfulness carried out at 9-10 months of age (RMSSD: odds
ratio=0.01, p=.047; HF: odds ratio=0.20, p=.07). Bootstrapped
regression analyses with fearfulness as a continuous variable
also indicated a significant effect of offspring HRV on
fearfulness (RMSSD: 95% CI=[-1.63, -1.19]; HF: 95%
CI=[-0.09, -0.01]).
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Discussion

To our knowledge, this is the first study to show that
pregnant women with a PAD have autonomic abnormalities
early in pregnancy and that these abnormalities may impact on
the future physiological (reduced parasympathetic function)
and mental (fearfulness) wellbeing of their offspring. Pregnant
women with PAD displayed reduced parasympathetic nervous
system activity (indexed by HRV), compared to those without
PAD. Furthermore, the offspring of mothers with a PAD also
had lower HRV than those whose mothers had been healthy. In
the group of mothers with PAD, an association between
maternal HRV and offspring HRV was observed. In the
offspring, lower HRV at 2-4 months was associated with a
fearful temperament assessed approximately 7 months later.
These findings were independent of variations in state-anxiety,
age, sex, BMI and mother-child associations were not
explained by the children’s birth weight or gestational age.

Consistent with prior research, this study shows that people
with past psychiatric disorders have lower HRV [6-8,31]. The
novel contribution we make here is the result that pregnant
women with a past anxiety disorder also have reduced HRV
and these psychophysiological alterations may impact on the
future physiological and mental wellbeing of their offspring. It is
important to note that the HF HRV differences between women
with and without PAD – findings associated with a moderate to
large effect size – remained after controlling for confounding

factors including state anxiety, age and BMI by propensity
score matching. Future studies are needed to confirm this
finding in a larger sample in order to generalize to both
pregnant and non-pregnant women populations. We note here
that women with PAD have a higher level of a subclinical trait
(e.g., anxiety), although it no longer reaches criteria for clinical
diagnosis. Although we controlled for state anxiety as a
confounding factor, it is possible that state anxiety also impacts
on maternal HRV as well as the physiological and mental state
of the offspring.

There are numerous possible means by which maternal PAD
and/or HRV might be associated with parasympathetic nervous
system function in the offspring. Clearly, mothers and their
children share genes and environmental exposures and the
health of mothers in pregnancy is an important determinant of
child development and health. Maternal behavior may also be
an important factor in this association [32-34]. In our study, the
mothers with a PAD not only had significantly lower HRV
compared to the healthy group, but also had altered state
anxiety, albeit to a lesser extent than in the past. In comparison
to the healthy group, the offspring of mothers with a PAD also
had lower HRV. Lower HRV in all children was shown to be
associated with a fearful temperament. Therefore, it is possible
that mothers with a PAD and their offspring share an
underlying psychological disorder, which might explain links
between maternal and offspring HRV. Our study highlights the

Figure 2.  Comparison of between healthy group and the past anxiety disorder group.  This figure shows for both mother and
child the differences in HRV between the healthy group and the past anxiety disorder group.
doi: 10.1371/journal.pone.0083186.g002
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need for more research into how mothers might transmit their
pro-anxiety phenotype to their offspring.

A variety of genes influence vulnerability to anxiety disorders.
These include serotonin-transporter linked polymorphic region
(5-HTTLPR), Catechol-O-methyltransferase (COMT), and
brain-derived neurotrophic factor (BDNF) gene variants [35].
We have reported previously that the combination of a BDNF
V/V genotype and early life stress predicts changes in brain
structure that are associated with lower HRV and higher
anxiety [36]. These findings provide a potential explanation for
our observed relationship between HRV of mothers with a PAD
and their children, but not in healthy controls.

Another possibility is that altered autonomic function in
pregnant mothers may impact on the development of their
offspring, as a form of developmental programming. Reduced
HRV is associated with dysregulation of various allostatic
systems, including glucose regulation, hypothalamic-pituitary-
adrenal (HPA) axis function and inflammatory processes [37],
all of which may program fetal development [38-44]. However,
it is not clear whether the abnormal ANS function, reflected by
lower HRV, is an important causative factor in these disorders,
or simply the result of shared underlying processes.

Observed fearfulness in the children at 9 months was
associated with their HRV at 2-4 months. It is possible that 9
month olds with higher fearfulness already had characteristics
of a fearful temperament at 2-4 months, which could explain
the association between reduced HRV and future fearful
temperament as a persistence of these related factors.
However, it is very challenging, if not impossible, to detect
these psychological features in young infants [45,46].
Therefore, we were unable to determine whether reduced HRV
came before the development of fearfulness or not, making it
difficult to infer causation in this association. Nevertheless,
reduced HRV in infancy may be an early risk marker for the
development of psychological abnormalities, such as
fearfulness, in later life. This observation makes an important
contribution to the literature, which indicates strong
associations between low HRV and fearful temperament
(reflected in inhibited behavior, shyness, harm avoidance,

anxiety and distress) [45,47,48]. Such behavioral
characteristics have been linked to internalizing problems and
psychiatric diagnoses [49,50]. Low HRV may indicate a
vulnerability to the development of psychopathology, as
suggested by our observation that infant’s HRV is related to
later fearfulness.

Our study has a number of advantages, including a
prospective design and longitudinal assessment; assessment
of maternal HRV during the first 14 weeks of pregnancy, which
is the period of greatest fetal developmental vulnerability to
external influences; exclusion of women on antidepressants,
which is an important consideration in studies of HRV; and use
of an infant temperament (fearfulness) measure, which avoids
bias in parental perceptions.

In summary, our study showed that pregnant women with a
PAD had altered ANS function that was also found in their
infants. Alterations in the offspring were associated with
fearfulness in later infancy, suggesting transmission of a pro-
anxiety phenotype from mothers to their children.
Determination of the mechanisms of this transmission should
be an important goal of future research. Our findings may have
implications for identifying early risk factors in childhood for the
development of psychological disorders in later life. Thus,
future research might build on our findings to establish novel
risk factors for psychopathology in childhood and use those
factors to study the etiology of psychiatric disease in children.
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Objective: Increases in resting-state heart
rate and decreases in its variability are as-
sociatedwithsubstantialmorbidityandmor-
tality, yet contradictory findings have been
reported for the effects of the mood and
anxiety disorders and of antidepressants.
The authors investigated heart rate and
heart rate variability in a large cohort from
Brazil, using propensity score weighting,
a relatively novel method, to control for
numerous potential confounders.

Method: A total of 15,105 participants
were recruited in the Brazilian Longitudi-
nal Study of Adult Health. Mood and anx-
iety disorders were ascertained using the
Portuguese version of the Clinical Inter-
view Schedule–Revised. Heart rate and its
variability were extracted from 10-minute
resting-state electrocardiograms. Regres-
sions weighted by propensity scores were
carried out to compare participants with
and without depressive or anxiety disor-
ders, as well as users and non-users of an-
tidepressants, on heart rate and heart rate
variability.

Results: Use of antidepressants was as-
sociated with increases in heart rate and
decreases in its variability. Effects were most
pronounced for the tricyclic antidepres-
sants (Cohen’s d, 0.72–0.81), followed by
serotonin and norepinephrine reuptake
inhibitors (Cohen’s d, 0.42–0.95) and other
antidepressants (Cohen’s d, 0.37–0.40),
relative to participants not on antidepres-
sants. Only participants with generalized
anxiety disorder showed robust, though
small, increases in heart rate and de-
creases in its variability after propensity
score weighting.

Conclusions: The findings may, in part,
underpin epidemiological findings of in-
creased risk for cardiovascular morbidity
and mortality. Many factors that have an
adverse impact on cardiac activity were
controlled for in this study, highlighting
the importance of cardiovascular risk re-
duction strategies. Further study is needed
to examine whether, how, and when
such effects contribute to morbidity and
mortality.

(Am J Psychiatry 2014; 171:1328–1334)

Heart rate and its variability are determined by a va-
riety of physiological factors, the most prominent of which
is the autonomic system. In the resting state, the heart is
under tonic inhibitory control by the parasympathetic
(vagal) nervous system (1). Although the parasympathetic
and sympathetic nervous systems are typically conceptual-
ized as two opposing components, recent thinking suggests
that vagal activity may be withdrawn without a correspond-
ing increase in sympathetic nervous system activity (2). This
metabolically conservative response during challengemay
mirror autonomic dysregulation in psychiatric illness dur-
ing the resting state. It is in this regard thatwe refer to resting-
state heart rate and its variability as surrogate markers
of vagally mediated cardiac activity. It is important to
acknowledge, however, that measures of heart rate vari-
ability and the high-frequency component in particular are
more pure indicators of vagal activity than heart rate (3),
which may include sympathetic input. In this study, we

examined the impact of depression, anxiety, comorbidity, and
antidepressants on resting-state heart rate and its variabil-
ity, measures we refer to here as “vagal activity” for brevity.
Vagal activity plays an important role in mental and

physical well-being (see reference 4 for a review). Increases
in vagal activity are associated with positive emotions, so-
cial connectedness, and longevity. By contrast, decreases in
vagal activity are associated with depression, anxiety, car-
diovascular disease, and mortality, findings that may be
attributable to the downstream effects of a poorly func-
tioning cholinergic anti-inflammatory reflex. Other mech-
anisms, including chronically elevated activity in the
sympathetic nervous system, are also involved in the path-
way from emotion to morbidity. However, we suggest that
vagal activity may provide a unique structural link from
day-to-day emotion experience to morbidity and mortality
from a host of conditions. Within-subject phasic changes in
vagal activity reflect a normal response to environmental
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challenge, while between-subject resting-state tonic dif-
ferences in vagal activity predict future mortality. In this
regard, an early seminal study on the effects of decreased
heart rate variability following acute myocardial infarction
(5), as measured by the standard deviation of all normal
R-R intervals in 24-hour continuous ECG recordings from
Holter monitors, reported a fivefold increase in relative
risk of mortality.
We and others have demonstrated that vagal activity is

reduced in the mood and anxiety disorders (see reference
4 for a review). In one of the first studies on this topic more
than two decades ago (6), depressed patients with cor-
onary artery disease were found to have a higher heart rate
relative to nondepressed patients with coronary artery dis-
ease, independent of age, smoking, and beta-blocker medi-
cation. Depressed patients also had reduced heart rate
variability, although this association fell short of statistical
significance. This study was also based on data extracted
from 24-hour ambulatory ECG recordings. Reliable and
validmeasures of heart rate and its variability may also be
obtained from shorter recordings under standardized
and controlled conditions (7). Using short-term ECG
recordings in another early study (8), we reported that
patients with generalized anxiety disorder displayed
lower high-frequency heart rate variability. High-frequency
heart rate variability, in particular, is mediated solely
by changing levels of vagal activity (3). We concluded that
generalized anxiety disorder and its cardinal feature
(worry) are associated with reduced vagal activity. More
recently, we demonstrated that patients with comorbid
major depressive disorder (which we refer to here as
“depression” for brevity) and generalized anxiety disor-
der (9; see reference 4 for review) display the most robust
reductions in resting-state vagal activity. Our explanation
for these findings is that chronic worry and hypervigilance
to threat may underpin chronic withdrawal of vagal ac-
tivity that may subsequently lead to increased morbidity
and mortality.
Recent debate has focused on whether mental disorders

such as depression and anxiety are associated with re-
ductions in vagal activity (see reference 4 for review) or
whether these findings are driven by antidepressant med-
ications (10, 11). However, studies have seldom used ap-
propriate measures to adequately control for the effects of
these variables on vagal activity. Inappropriate control of
confounding factors may lead to a phenomenon known as
the “reversal paradox,” inwhich “the associationbetween two
variables may be reversed, diminished, or enhanced when
another variable is statistically controlled” (12). Here we con-
trol forconfounding factors throughpropensity scoreweight-
ing using a generalized boosted modeling technique (13).
This relatively novelmethod has several advantages over

traditional regression-based techniques, including 1) ap-
plication of flexible machine-learning algorithms yielding
well-calibrated estimates; 2) capture of complex and non-
linear relationships between groups and covariates without

overfitting; 3) reduced bias by estimating the propensity
score without reference to the outcome variable; and 4)
the opportunity to analyze observational data to mimic
the advantages of a randomized controlled trial design.
This methodological approach provides an alternative to
multiple regression that is more interpretable and less
prone to violation of model assumptions (14). We apply
this technique on a large sample of participants recruited
for the Brazilian Longitudinal Study of Adult Health (ELSA-
Brasil) (15).
ELSA-Brasil is the first large multicenter cohort study of

adult health conducted in Brazil. It is an ongoing cohort
study designed to investigate the relationship between
cardiovascular diseases and diabetes, as well as their social
determinants and risk factors. In this regard, vagal activity
is an important consideration (4), and cross-sectional anal-
ysis of the ELSA-Brasil cohort at baseline will provide an
important foundation for future longitudinal analyses of
data from this cohort. Consistent with our previous studies
with smaller samples (9, 16, 17), we hypothesized that
individuals diagnosed with mood and anxiety disorders
would exhibit reductions in vagal activity, and that use of
antidepressants would be associated with further reduc-
tions, a finding that would be most apparent in users of
tricyclic antidepressants.

Method

Participants

A total of 15,105 civil servants ages 35 to 74 were recruited for
the first wave of ELSA-Brasil (15) between August 2008 and
December 2010 at six sites in Brazil. Exclusion criteria were
current or recent pregnancy (within 4 months of first interview),
intention to quit working at the institution in the near future,
severe cognitive or communication impairment, and if retired,
residence outside of a study center’s metropolitan area. The study
design and sampling procedures of ELSA-Brasil have been re-
ported previously (15; see also Revista de Saúde Pública, volume
47, supplement 2, which is dedicated to methodological aspects of
the ELSA-Brasil study and includes articles in English).

Procedures

Data were collected from participants in two phases: the first,
lasting approximately 1 hour, included collection of informed
consent and an initial interview at the participant’s job site; the
second, lasting approximately 6 hours, was conducted in a study
clinic and involved additional interviews, clinical examinations,
collection of blood and urine samples, and a comprehensive set
of examinations and measurements, including ECG. Participants
were asked to abstain from caffeine, alcohol, and physical activity
12 hours prior to ECG assessment. These procedures are de-
scribed in more detail below (see also reference 15).

Psychiatric Evaluation

Mental disorders were ascertained by trained interviewers us-
ing the Portuguese version (18) of the Clinical Interview Schedule–
Revised (19). This is a structured interview used for diagnosis of
current common nonpsychotic psychiatric conditions in the com-
munity. The following categories were determined according to
ICD-10: depression (F32.xx), agoraphobia (F40.0), social phobia
(F40.1), specific phobia (F40.2), generalized anxiety disorder (F41.1),

Am J Psychiatry 171:12, December 2014 ajp.psychiatryonline.org 1329

KEMP, BRUNONI, SANTOS, ET AL.

 75

http://ajp.psychiatryonline.org


panic disorder (F41.0), and social anxiety disorder (F42). These
diagnostic groupings were then reduced to five categories: de-
pression, generalized anxiety disorder, all phobias, panic disorder,
and a comorbid group comprising participants with depression
and any anxiety disorder.

ECG Assessment

A 10-minute resting-state ECG recording was performed for
each participant during spontaneous breathing without task
demands, in the supine position. The ECG was always performed
in the morning (between 8:00 a.m. and noon) in a temperature-
controlled room (21–24°C) and was sampled at 250 Hz with a
digital electrocardiograph (Micromed, Brazil), consistent with
international standards for the measurement of heart rate var-
iability (7). The WinCardio software program, version 4.4a, was
used to generate the R-R interval series from a selected lead (D2),
associated with higher R-wave amplitude. The artifact detection
and spectral analytic techniques have been described previously
(20). Briefly, the R-R series was automatically preprocessed to
remove ectopic beats and artifact, and linear interpolation was
employed to replace any removed beats. Power spectral analysis
was carried out by autoregressive modeling, estimated by the
Yule Walker method, using the recursive algorithm of Levinson-
Durbin. Measures of heart rate and its variability, including the
root mean square of successive squared differences, as well as
the high-frequency components, were then extracted. The high-
frequency component (0.15–0.40 Hz) was estimated and expressed
in absolute units. Measures of heart rate variability were then log-
transformed as a normalization strategy.

Covariates

A host of covariates that are considered to have an impact on
vagal activity were used in propensity score matching. Socio-
demographic information included age and sex. Behavioral and
lifestyle characteristics included smoking status (past or current
versus never), physical activity (measured with the International
Physical Activity Questionnaire and categorized according to low
activity versus moderate or high activity, as determined using
scoring guidelines), and body mass index. Data on health included
information on hypertension, diabetes mellitus, dyslipidemia,
myocardial infarction, and coronary revascularization. Hyper-
tension was defined as a systolic blood pressure $140 mmHg,
a diastolic blood pressure $90 mmHg, or use of antihypertensive
medications. Diabetes was defined as a self-reported or fasting
blood glucose level $126 mg/dL, a 2-hour oral glucose tolerance
test glucose level $200 mg/dL, or a glycated hemoglobin level
$6.5%. Dyslipidemia was defined as an LDL cholesterol level
$130 mg/dL or use of lipid-lowering medication. Blood samples
were collected after a 12-hour overnight fast. Medication use for
hypertension, diabetes, and lipid reduction, as well as antidepres-
sants, was identified on the basis of pill bottle review. Analysis of
the mood and anxiety disorders also included total score on
the Clinical Interview Schedule–Revised to control for disorder
severity.

Statistical Analysis

Statistical analysis was conducted with SPSS, version 21 (IBM,
Armonk, N.Y.) and R-statistics, version 3.0.1 (www.r-project.org/).
Regressions weighted by propensity scores were carried out
using the “twang” and “survey” packages in the R statistical en-
vironment. Both R and the two packages are freely available, and
details on how to implement procedures have been described
previously (13). Two main analyses were conducted. The first in-
volved comparison of participants with depression, phobias, panic
disorder, or generalized anxiety disorder, participants with co-
morbid depression and any anxiety disorder, and participants
without any depressive or anxiety disorders (comparison participants)

on measures of vagal activity (heart rate, root mean square of suc-
cessive differences, and high-frequency components). The second
compared users of selective serotonin reuptake inhibitors (SSRIs),
serotonin and norepinephrine reuptake inhibitors (SNRIs), tricy-
clic antidepressants, and other antidepressants on these samemea-
sures. Effective sample sizes were obtained after propensity score
weighting; these reflect numbers of participants with similar fea-
tures on covariates in each of the groups. Effective sample sizes
capture the adverse impact of increased variance on precision
and power (13). Sensitivity analyses were conducted using pro-
pensity score matching. While weighting involves covariance-
adjusted, regression-based modeling in which propensity scores
are used as a covariate, matching involves selecting comparison
participants (without depressive or anxiety disorders) to match
the other groups on propensity scores. Here, propensity score
matching was carried out using the MatchIt package in the R
statistical environment using one-to-one exact matching, which
paired each participant of each disorder group (the depression,
anxiety, and comorbid groups) with a participant from the com-
parison group based on the propensity score. SPSS was then used
to conduct between-group t tests on matched samples.

Results

Participant Characteristics

Participant characteristics before and after propensity
score weighting are presented in the data supplement that
accompanies the online edition of this article: Table S1
presents characteristics for the mood and anxiety disorder
groupings, and Table S2 does so for the antidepressant
groupings.

Impact of Disorder on Vagal Activity

After propensity score weighting, effective sample sizes
were as follows: comparison participants with no depres-
sive or anxiety disorders, N=10,346; participants with depres-
sion, N=98; participants with phobias, N=121; participants
with panic disorder, N=43; participants with generalized
anxiety disorder, N=1,183; and participants with comorbid
disorders, N=311. Average heart rate was slightly higher in
the generalized anxiety disorder group relative to the com-
parison group (67.30 bpm compared with 66.79 bpm), al-
though the association fell short of statistical significance
andwas associatedwith a small effect size (p=0.086, d=0.053).
No other groups differed significantly from the comparison
group. Sensitivity analysis using propensity score matching
revealed similar nonsignificant findings for the generalized
anxiety disorder group (N=1,249) relative to the comparison
group (N=1,236) (67.23 bpm compared with 67.90 bpm;
p=0.065, d=0.074).
Analysis of heart rate variability revealed significant ef-

fects for both measures after propensity score weighting;
root mean square of successive differences was lower in the
generalized anxiety disorder group relative to the compar-
ison group (3.17 compared with 3.21; p=0.015, d=0.075), as
was the high-frequency component (5.23 compared with
5.32; p=0.033, d=0.066). No other groups differed signifi-
cantly from the comparison group. Again, sensitivity analysis
using propensity scorematching revealed similarfindings for
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the generalized anxiety disorder group relative to the com-
parison group (rootmean square of successive differences:
3.18 comparedwith 3.25; p=0.004, d=0.116; high-frequency
component: 5.29 compared with 5.42; p=0.005, d=0.113).

Impact of Antidepressants on Vagal Activity

After propensity scoreweighting, effective sample sizeswere
as follows: participants not on antidepressants, N=14,069;
those on SSRIs, N=356; those on SNRIs, N=52; those on
tricyclic antidepressants, N=84; and those on other anti-
depressants, N=75. As shown in Figure 1, average heart rate
relative to those not on antidepressants (mean=66.87 bpm)
was higher in those on tricyclics (mean=73.94 bpm, p,0.001,
d=0.721), those on other antidepressants (mean=71.00 bpm,
p=0.001, d=0.380), and those on SNRIs (mean=70.55 bpm,
p=0.003, d=0.420) and slightly lower among those on SSRIs
(mean=65.40 bpm, p=0.003, d=0.161). In addition, all anti-
depressants were associated with a lower heart rate vari-
ability (rootmean square of successive differences, tricyclics:
mean=2.71, p,0.001, d=0.810; SNRIs: mean=2.79, p,0.001,
d=0.952; other antidepressants:mean=2.95, p,0.001, d=0.402;
SSRIs: mean=3.08, p,0.001, d=0.280; high-frequency com-
ponent, tricyclics: mean=4.26, p,0.001, d=0.730; SNRIs:
mean=4.48, p,0.001, d=0.789; other antidepressants:
mean=4.82, p=0.001, d=0.367; SSRIs: mean=5.05, p,0.001,
d=0.254) relative to those not on antidepressants (root mean
square of successive differences: mean=3.23; high-frequency
component: mean=5.36). These findings were all replicated
in sensitivity analysis using propensity score matching (re-
sults not shown).

Discussion

Themost striking effects from our study relate to the use
of antidepressant medications; tricyclic antidepressants,
SNRIs, and other antidepressants were associated with
moderate to large adverse effects. With respect to the im-
pact of mood and anxiety disorders—an issue that has at-
tracted the most debate—the findings demonstrate that
only generalized anxiety disorder is associated with a
reduction in vagal activity after controlling for a host of
clinical covariates, including biomarkers of metabolic and
cardiovascular risk. The effects of generalized anxiety dis-
order on vagal activity were statistically significant and
robust, although effect sizes were small. This is an im-
portant finding, as other researchers have recently argued
that it is the antidepressant medication, rather than the
disorder per se, that has an adverse impact on vagal activity
(10, 11). While it is notable that participants with comorbid
depression and anxiety disorders did not display reductions
in vagal activity, it is important to bear inmind that many of
the factors that adversely affect vagal activity were con-
trolled for in this study.
Mood and anxiety disorders raise metabolic and cardio-

vascular risk (21), emphasizing the need for comprehensive
cardiovascular risk reduction strategies in all patients with

these disorders tominimize subsequentmorbidity andmor-
tality. In this study, we showed that only generalized anxiety
disorder without comorbidity is associated with reductions
in vagal activity. These findings highlight the independent
adverse effects of generalized anxiety disorder without com-
orbidity on vagal activity. It is important to note, however,
that generalized anxiety disorder and depression are linked
sequentially such that each disorder increases the likelihood
of developing the other over time (22). Longitudinal follow-
up of our participants will provide important data to further
examine the relationship between depression and general-
ized anxiety disorder over time and the disorders’ effects on
vagal activity. In line with our previous studies on gen-
eralized anxiety disorder (8, 9), we suggest that the cardinal
features of this disorder, including chronic worry and hy-
pervigilance to threat, independently contribute to long-term
reductions in vagal activity and subsequent increases in
morbidity and mortality.
Previous studies ofmood disorders and vagal activity have

reported contradictory findings, leading to significant de-
bate and discussion. In 2007, Rottenberg (23) reported find-
ings fromameta-analysis indicating that depression had an
adverse impact on vagal activity, a finding associated with
a small to medium effect size. He also suggested that low
heart rate variability may be a consequence of comorbid
anxiety, rather than of depression per se. Licht et al. re-
ported that although heart rate variability is reduced in pa-
tients with depression (24) and those with anxiety disorders
(25), these reductions are driven by antidepressant medi-
cations. These findings contrasted with smaller studies that
had reported adverse effects of the mood and anxiety
disorders, leading to the publication of ourmeta-analysis in
2010 (16). We reported that heart rate variability was lower
in unmedicated depressed patients relative to healthy com-
parison subjects, a finding associated with a large effect size
when focusing on nonlinear measures of heart rate var-
iability. Recent years have witnessed increasing calls for
independent replication of published findings in science
(26, 27). Consistent with this goal, we have examined the
impact of mental disorders and antidepressants on vagal
activity using a variety of approaches. In addition to meta-
analysis, we have replicated reductions in vagal activity in
mood and anxiety disorders in multiple independent co-
horts of patients (9, 17, 28). In the largest independent cohort
to date, we now report that after controlling for multiple
confounding variables, we find that generalized anxiety
disorder is robustly associated with reductions in vagal
activity, although these reductions are small. It is possible
that the lack of findings for depression are related to dis-
order heterogeneity. For example, specific depression char-
acteristics (e.g., melancholia) may be associated with more
robust effects on vagal activity.
We suggest here that the effects we observed for the

tricyclics and SNRIs in particular may underpin previously
reported increases in risk for cardiovascular morbidity and
mortality (29, 30). There is strong evidence for a continuous
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increase in risk for cardiovascular and all-cause mortality
inmen andwomenwith a resting heart rate above 60 bpm,
regardless of history of cardiovascular disease (31). In the
present study, we showed that tricyclic antidepressants
were associated with an average resting heart rate of ∼74
bpm, while SNRIs and other antidepressants were associ-
ated with an average resting heart rate of approximately
∼71 bpm, compared with ∼67 bpm for those not taking
antidepressants. In light of increasing concerns about the
impact of antidepressant medications (10, 29, 30), we re-
cently investigated the moderating effects of physical
activity on the impact of the SSRI escitalopram on cardiac
stress responses (32). We found that participants who
engaged in exercise at least three times a week exhibited
a more resilient vagal response to stress relative to irregular
exercisers, a finding associated with a moderate effect size.
We also observed that acute treatment with escitalopram
had a similar impact on irregular exercisers during stress.
Themoderating effects of regular exercise in long-termusers
of antidepressants need to be examined in future research.
In the present study, the SSRIs were associated with a
decrease in heart rate and its variability. It is particularly
interesting that these findings have been reported pre-
viously for this class of medication (10)—findings that were
interpreted as both a decrease in sympathetic activity and
parallel decreases in net cardiac vagal effects.
While our study has important strengths—particularly

the application of propensity score weighting on a large,
independent cohort—a number of limitations should also
be noted. First, the reliability of short-termmeasurements
of heart rate variability has been questioned (33). However,
we have demonstrated that the protocol on which this
study is based shows good reproducibility (34). Second, we
acknowledge that respiration ratemay influence estimates
of heart rate and its variability. While we did not collect
data on respiration rate, the question of whether or not
respiration rate should be controlled for remains a divisive
one in the field of psychophysiology. Researchers have
even cautioned against experimentally controlling for re-
spiration, as thismay confound the visceral-medullary feed-
back system and shift respiratory parameters (2). Also, the
rootmean square of successive differences, unlike frequency-
based measures, may actually be more robust to changes
in breathing patterns (35). In the present study, key findings
were obtained across both measures of heart rate variabil-
ity, highlighting the robustness of findings. Finally, it should
be noted that although we controlled for a variety of im-
portant covariates, there are likely other factors that we did
not measure or include in our models that may have af-
fected our findings. Thus, there remains the potential for
residual confounding factors in our study.

FIGURE 1. Key Findings Associated With the Impact of
Antidepressants on Heart Rate and Its Variability After
Propensity Score Weightinga
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a lnRMSSD=log-transformed root mean square of successive difference;
lnHF=log-transformed high-frequency component; SSRI=selective se-
rotonin reuptake inhibitor; SNRI=serotonin and norepinephrine
reuptake inhibitor. Error bars indicate 95% confidence intervals

corresponding to the propensity score weighted regression. Antidepres-
sant group sizes are follows: no antidepressant, N=14,069; SSRI, N=356;
SNRI, N=52; tricyclic antidepressant, N=84; other antidepressant, N=75.
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In summary, this study providesmuch-needed evidence
for the impact of mood and anxiety disorders, as well as
antidepressants, on resting-state vagal activity after con-
trolling for a large number of confounding factors. Future
studies employing a randomized controlled design will
provide further important evidence for the impact of spe-
cific antidepressants on vagal activity. Further research is
also needed to determine whether certain clinical charac-
teristics and their amelioration moderate observed find-
ings. It is possible, for instance, that specific subtypes of
depression (e.g., melancholia) or specific symptoms of a
depressive episode or an anxiety disorder (e.g., somatic
symptoms)havemore robust effects on vagal activity. There
is also a need for research to determine how and when
reduced vagal activity leads tomorbidity andmortality from
a host of conditions.
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Background: Major depressive disorder (MDD) is associated with increased heart rate
and reductions in its variability (heart rate variability, HRV) – markers of future morbidity
and mortality – yet prior studies have reported contradictory effects. We hypothesized that
increases in heart rate and reductions in HRV would be more robust in melancholia relative
to controls, than in patients with non-melancholia.

Methods: A total of 72 patients with a primary diagnosis of MDD (age M : 36.26, SE: 1.34;
42 females) and 94 controls (age M : 35.69, SE: 1.16; 52 females) were included in this
study. Heart rate and measures of its variability (HRV) were calculated from two 2-min
electrocardiogram recordings during resting state. Propensity score matching controlled
imbalance on potential confounds between patients with melancholia (n = 40) and non-
melancholia (n = 32) including age, gender, disorder severity, and comorbid anxiety
disorders.

Results: MDD patients with melancholia displayed significantly increased heart rate and
lower resting-state HRV (including the square root of the mean squared differences
between successive N–N intervals, the absolute power of high frequency and standard
deviation of the Poincaré plot perpendicular to the line of identity measures of HRV) relative
to controls, findings associated with a moderate effect size (Cohens d ’s = 0.56–0.58).
Patients with melancholia also displayed an increased heart rate relative to those with non-
melancholia (Cohen’s d = 0.20).

Conclusion: MDD patients with melancholia – but not non-melancholia – display robust
increases in heart rate and decreases in HRV. These findings may underpin a variety of
behavioral impairments in patients with melancholia including somatic symptoms, cognitive
impairment, reduced responsiveness to the environment, and over the longer-term,
morbidity and mortality.

Keywords: melancholia, non-melancholia, electrocardiogram, ECG, heart rate, heart rate variability, HRV, resting

state

INTRODUCTION
Unfortunately, most researchers in psychiatry and psychology express
little interest in the mapping of autonomic regulation as a “vulnerabil-
ity”dimension for various disorders and behavioral problems, although
visceral features are often symptoms of the disorders they are treating.

–Porges (2011)

Major depressive disorder (MDD) is associated with reduced
resting-state heart rate variability (HRV; Kemp et al., 2010, 2012;
Brunoni et al., 2013; see Kemp and Quintana, 2013 for review),
and these reductions are inversely associated with disorder sever-
ity (Kemp et al., 2010). Heart rate and its variability (HRV) are
determined by a variety of physiological factors, although the

most prominent of these is the autonomic system. A high level
of parasympathetic (vagal) function is both desirable and benefi-
cial as it reflects the capacity for an individual to respond, adapt
and regulate responses when required. One can only imagine the
consequences of buildings in Tokyo not being sufficiently flex-
ible to withstand an earthquake. The ability to adapt quickly
to change in the environment requires flexibility. Researchers
(Kashdan and Rottenberg, 2010) have argued that a fundamen-
tal component of health is psychological flexibility and have
suggested that HRV may provide the psychophysiological foun-
dation for such flexibility (Friedman and Thayer, 1998; Kashdan
and Rottenberg, 2010). By contrast, chronic reductions in HRV
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are associated with psychophysiological rigidity, dysregulation of
a variety of allostatic systems, and increased risk for morbid-
ity and mortality (see Kemp and Quintana, 2013 for review).
The goal of the present paper is to determine whether spe-
cific subtypes of depression display more robust alterations in
heart rate and commonly reported measures of HRV relative to
controls.

In the resting state, the heart is under tonic inhibitory control
by the vagus, yet measures of HRV are a more specific marker of
vagal function than heart rate (Saul, 1990; Reyes Del Paso et al.,
2013). That said, different measures of HRV provide informa-
tion on different physiological control mechanisms (Reyes Del
Paso et al., 2013). For instance, high frequency oscillations (0.15–
0.4 Hz) relate to respiratory influences, while LF oscillations
(0.04–0.15 Hz) reflect mechanisms relating to blood pressure con-
trol such as the baroreflex (Reyes Del Paso et al., 2013; see also
Krygier et al., 2013).

Reduced HRV was first reported in depressed patients more
than two-decades ago (Carney et al., 1988), and more recently,
has been shown to predict adverse cardiovascular events over a
follow-up period of 3–15 years (Hillebrand et al., 2013), high-
lighting the importance of continued research in this area.
However, not all studies (Licht et al., 2008) – including our own
(Kemp et al., 2014) – have reported reduced HRV in depressed
patients highlighting the complexity of this issue. Recent debate
has focused on whether the mood and anxiety disorders, or
their treatments are associated with reductions in vagal func-
tion (Licht et al., 2011; Brunoni et al., 2012). Increases in heart
rate are usually associated with decreases in HRV, and antide-
pressant medications clearly adversely affect heart rate and
HRV (Licht et al., 2010; Kemp et al., 2014), yet uncertainty
remains over whether unmedicated depressed patients display
alterations in these psychophysiological markers (Kemp, 2011,
2012; Kemp et al., 2011, 2014; Licht et al., 2011; Brunoni et al.,
2012).

One potential explanation for the contradictory findings is that
distinct subtypes (e.g., melancholia; Gold and Chrousos, 2002;
Malhi et al., 2005) may display more robust alterations in heart rate
and HRV, yet studies are yet to determine whether this is the case.
Melancholia is characterized by an over-active stress response, a
loss of responsiveness to the environment, somatic symptoms (e.g.,
insomnia, loss of appetite), and worse depression in the morning
(Gold and Chrousos, 2002). In addition, patients with melancholia
display greater cognitive impairment relative to those without such
features (Quinn et al., 2012a). There are several reasons to expect
that HRV will be reduced in depression generally, and that these
effects will be greatest in those patients with melancholic depres-
sion. These include the presence of somatic symptoms, cognitive
impairment, increased disorder severity, and reduced responsive-
ness to the environment; all symptoms that have been previously
associated with HRV reductions.

Firstly, somatic depressive symptoms appear to be strongly
associated with reduced HRV, at least in patients with stable coro-
nary heart disease (de Jonge et al., 2007). Secondly, there is a body
of evidence linking cognitive function and executive function in
particular to HRV (see Thayer et al., 2009 for review; Kemp et al.,
unpublished findings). Participants with high HRV have been

shown to perform better on executive function tasks relative to
those with low HRV. These effects have been observed in a vari-
ety of populations including young men (Hansen et al., 2004) and
older women (Kim et al., 2006), while performance on cognitive
tasks has been shown to improve with aerobic exercise (Hansen
et al., 2004; Albinet et al., 2010). Thirdly, melancholic depression
is generally a more severe form of depression – although differ-
ences between melancholia and non-melancholia are more than
simple variation on severity (Quinn et al., 2012b) – and reduc-
tions in HRV are correlated with increasing depression severity
(Kemp et al., 2010). Fourthly, the capacity to adequately respond
to change in the environment requires flexibility – melancholic
patients are less responsive – and HRV may provide the psy-
chophysiological foundation for such flexibility (Thayer and Lane,
2000; Kashdan and Rottenberg, 2010). Finally, it is notable
that stimulation of the left vagus nerve is a promising, alterna-
tive treatment for treatment resistant depression (Mayberg et al.,
2006), further highlighting a role for impaired vagal function in
MDD.

We have reported reductions in MDD patients across time-,
frequency- and non-linear domain measures of HRV (Kemp et al.,
2012; see also Brunoni et al., 2013), findings associated with a
small-to-moderate effect size, replicating findings we reported in
an earlier meta-analysis (Kemp et al., 2010). One of our previ-
ous studies (Kemp et al., 2012) further highlighted that reductions
in HRV were greatest in MDD patients with comorbid general-
ized anxiety disorder, findings associated with a large effect size.
Confirming these findings, we recently reported, in an indepen-
dent Brazilian sample, that only those with generalized anxiety
disorder display robust, though small, increases in heart rate and
decreases in HRV after controlling for confounding variables using
propensity scores (Kemp et al., 2014), a novel approach that allows
for more appropriate control of confounders, and a technique
we employ in the present study. Here we explore the impact
of two major subtypes of depression – melancholia and non-
melancholia – relative to controls, hypothesizing that patients with
melancholic depression rather than non-melancholic depression
will display robust decreases in HRV, relative to healthy controls,
after controlling for major confounding variables including dis-
order severity (Kemp et al., 2010) and comorbid anxiety (Kemp
et al., 2012; Alvares et al., 2013; Chalmers et al., 2014). Here we
report on a variety of HRV measures to examine the which find-
ings are robust across different measures. On the basis of parallel
lines of evidence highlighting a major role for high heart rate in
future morbidity and mortality (Fox et al., 2007; Lemogne et al.,
2011; Åberg et al., 2014), we also examined the impact of depres-
sion on heart rate, expecting robust increases in heart rate in
melancholia.

MATERIALS AND METHODS
PARTICIPANTS
A total of 72 patients with a primary diagnosis of MDD and
94 age- and sex-matched controls were included in this study.
Participants in this study were recruited from the community as
part of case-control study conducted in 2006 and 2007 (Kemp
et al., 2012). Exclusion criteria included a history of brain injury
(causing loss of consciousness for 10 min or more), neurological
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disorder, other serious medical condition, or substance abuse or
dependence for >1 year. All participants were medication free for
at least five half-lives. Our study was approved by the University
of Sydney, Sydney West Area Health Service, University of Ade-
laide and Flinders University human research ethics committees,
and written informed consent was obtained from participants in
accordance with National Health and Medical Research Council
guidelines.

PROCEDURES
Depressed participants were diagnosed with MDD and categorized
with or without melancholic symptoms by trained and supervised
research officers using the Mini International Neuropsychological
Interview (MINI; Sheehan et al., 1998), a structured psychiatric
interview based on the Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition (DSM-IV) criteria. Control participants
were excluded if they self-reported a history or presence of psychi-
atric illness; they were also screened using the MINI. Depression
severity was assessed using the 17-item structured interview guide
for the Hamilton Depression Rating Scale (SIGH-D; Hamilton,
1960; Williams, 1988) and psychomotor disturbance was mea-
sured by the CORE assessment of psychomotor change (CORE;
Hickie, 1996). The self-report, Depression, Anxiety and Stress
Scale (DASS; Lovibond and Lovibond, 1995) was completed by
participants at the completion of the clinical interview. The DASS
depression subscale is compatible with DSM-IV criteria of mood
disorders, the Anxiety scale, with symptom criteria of panic disor-
der and PTSD, and the Stress scale, with a diagnosis of generalized
anxiety disorder.

Participants were seated in a sound and light controlled room
at 24◦C and two 2-min electrocardiogram (ECG) recordings were
collected during resting state. The ECG recording disc was posi-
tioned on the inside of the left wrist, positioned at the radial
pulse, relative to a common ground and referenced to two sites:
Erbs point (located two thirds distant from midline on the clav-
icle) and C7 (the seventh Cervical vertebra; most pronounced
transverse process). Both reference sites are positioned directly
above bone and serve as relatively muscle-free references. Record-
ings were made under these conditions as part of a standardized,
psychophysiological recording protocol (Gordon et al., 2005).

Data was sampled at 500 Hz, with 22-bit resolution digitization
using a Compumedics Neuroscan Nuamps amplifier and SCAN
software, version 4.3. ECG was analyzed using custom-developed
software to perform semi-automated pre-processing to remove
noise from the ECG, allowing for the identification of the R-peaks
based on established methods (Pan and Tompkins, 1985). The
cleaned, N-N time-series for each participant was then imported
into Kubios (version 2.0, 2008, Biosignal Analysis and Medical
Imaging Group, University of Kupio, Finland, MATLAB) from
which measures of heart rate and HRV were calculated based
on established guidelines (Electrophysiology TFotESoCtNASoP,
1996).

HEART RATE MEASURES
Heart rate and its variability during the resting-state are under
tonic inhibitory control by the parasympathetic (vagal) nervous
system (Thayer et al., 2009). It is in this regard that we refer to

resting-state heart rate and HRV as surrogate measures of vagally
mediated cardiac activity, although HRV measures are more pure
(Saul, 1990), yet complex (Picard et al., 2009), indicators of vagal
activity. HRV measures comprised time-domain estimates, includ-
ing the standard deviation of N–N intervals (SDNN) and the
square root of the mean squared differences between successive
N–N intervals (RMSSD). SDNN is a commonly reported time-
domain measure reflecting all the cyclic components responsible
for variability in a recording (Electrophysiology TFotESoCtNA-
SoP, 1996). RMSSD is a stable, time-domain index less affected
by changes in breathing frequency (Penttilä et al., 2001). We
also examined frequency-based estimates using the FFT method
including the absolute power of high frequency (HF, 0.15–0.4 Hz)
and low frequency (LF, 0.04–0.15 Hz). HF relates to respira-
tory influences, while LF provides information about baroreflex
function (Goldstein et al., 2011). The standard deviation of the
Poincaré plot perpendicular to the line of identity (PCSD1), a
non-linear measure of HRV, was also calculated. We have pre-
viously reported that non-linear domain measures of HRV may
be more sensitive to group differences (Kemp et al., 2010). Heart
rate displays complex non-linear dynamic behavior, rather than
regular, periodic oscillation (Billman, 2011), and the PCSD1 is
a commonly reported, non-linear measure of short-term vari-
ability mainly caused by respiratory sinus arrhythmia (Tarvainen
and Niskanen, 2008). All HRV measures were log transformed to
normality.

DATA PROCESSING AND STATISTICAL ANALYSIS
All statistical analyses were performed using IBM SPSS Statistics,
Version 21 with SPSS R Essentials plug-in and R statistics version
2.14.2. To avoid bias resulting from imbalance on disorder severity
and comorbid anxiety – major confounding variables when seek-
ing to compare patients with melancholia and non-melancholia –
we conducted propensity score matching (PSM) using a custom
designed plugin for IBM SPSS Statistics (Thoemmes, 2012). PSM
involves producing a score (on the basis of entered covariates)
for each participant that relates to the probability that the sub-
ject belongs to the melancholic versus non-melancholic grouping,
and then matching patients in each grouping on this propensity
score. If two participants have the same propensity score, then
they are equally likely to have come from the same distribution
(i.e., patient grouping). Therefore, selecting patients with non-
melancholia that have the same propensity scores to those with
melancholia, we avoid any bias resulting from an imbalance on
covariates. The PSM procedure uses logistic regression to produce
the propensity score, in which patient grouping is used as the out-
come variable and selected covariates, as predictors. Covariates
entered into PSM analysis included age, gender, depression, anx-
iety and stress DASS scores, SIGH-D, and MINI anxiety disorder
status (yes, no). Cases with the closest score were then matched
using a simple 1:1 nearest neighbor matching routine based on
a ‘greedy’ matching algorithm. Balance statistics and associated
graphs were inspected to confirm adequacy of the match.

As PSM requires a complete dataset without missing data, we
first ran multiple imputation (MI) analysis (Schafer, 1999) in
IBM SPSS Statistics to replace missing values using the automatic
method. While a common approach to dealing with missing data
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is deleting observations with missing values, and analyzing only
those participants with a complete dataset, this listwise deletion
approach is problematic for at least two reasons (Barzi and Wood-
ward, 2004; van Ginkel and Kroonenberg, 2014). Firstly, it wastes
data and reduces the power of analysis to determine an effect.
Secondly, it may also produce biased estimates when loss of par-
ticipants is systematic and not random. By contrast, MI yields
estimates with good statistical properties. It uses all available data,
makes less stringent assumptions about ‘missingness’ and pools
plausible complete versions of an incomplete dataset into one
analysis taking into account additional uncertainty due to missing
data.

Data was missing for the following variables: depression
(melancholia: 27.5%; non-melancholia: 37.5%), anxiety (melan-
cholia: 22.5%; non-melancholia: 37.5%), and stress (melancholia:
22.5%; non-melancholia: 37.5%) from the DASS measure, MINI
anxiety disorder status (yes, no; melancholia: no missing data;
non-melancholia: 6.3%), and CORE total (melancholia: no miss-
ing data; non-melancholia: 3.1%) as predictors. MI procedures
are appropriate for data in which up to 60% of values are miss-
ing (Barzi and Woodward, 2004). As recommended by others
(Marshall et al., 2009), the imputation model used for missing data
contained all variables to be subsequently analyzed including out-
come variables (melancholic status in PSM, and heart rate and
its variability in final analysis), variables to predict the missing
data, and those variables to be imputed. Variables entered into
MI analysis included: participant grouping, heart rate and HRV,
depression, anxiety and stress from the DASS questionnaire, age,
gender, SIGH-D, MINI anxiety disorder status and CORE total
score.

Multiple imputation analysis produced 20 datasets relating to
72 MDD patients and PSM analysis was run on each of these
datasets to obtain patients matched on propensity scores. The
data for controls were then merged into each of the 20 datasets
after which analyses were conducted on each dataset to exam-
ine group differences (MEL vs. NMEL vs. CTRL) on heart rate
and HRV. As recommended previously (Hill, 2004), analysis of
variance (ANOVA) analysis was carried out as a regression analysis
using effect coding (Edwards, 1985; van Ginkel and Kroonenberg,
2014) so that results could then be combined according to Rubin’s
rules (van Ginkel and Kroonenberg, 2014). This approach has

the advantage of averaging over the results from different group-
ings determined using PSM on the multiply imputed datasets
(Hill, 2004). Guidelines and software for carrying out these
procedures and combining results for pooled estimates and statis-
tics are available here: http://www.socialsciences.leiden.edu/educ
ationandchildstudies/childandfamilystudies/organisation/staffcfs/
van-ginkel.html. One-tailed t-tests are reported given specific
directional hypotheses. Effect size measures (Cohen’s d) were also
determined and Cohen’s guidelines (Cohen, 1988) for interpret-
ing Cohen’s d’s (small, d = 0.2; medium, d = 0.5; large, d = 0.8)
were followed. Cohen’s d statistics were calculated using an online
calculator available here: http://www.uccs.edu/∼lbecker/

RESULTS
PARTICIPANT CHARACTERISTICS
Participant characteristics are reported in Table 1. No age or gen-
der differences were observed, however, all groups differed on
depression, anxiety and stress scales (Tukey’s HSD p < 0.05),
highlighting the need for PSM of patients in melancholia and
non-melancholia patient groupings.

HEART RATE AND ITS VARIABILITY
After application of PSM and pooling results according to
Rubin’s rules, groups differed significantly on heart rate
[F(2,108.25) = 3.664, p = 0.029], RMSSD [F(2,107.86) = 3.21,
p = 0.044], HF (at trend levels) [F(2,102.76) = 2.966, p = 0.056],
and PCSD1 [F(2,107.87) = 3.199, p = 0.045; Figure 1]. No sig-
nificant differences on the combined overall test were observed
for SDNN or LF. As hypothesized, heart rate was increased (by
7.85 beats per minute, BPM) in patients with melancholia –
but not in those with non-melancholia – relative to controls
(p = 0.004, one-tailed, d = 0.58). Also as hypothesized, HRV
was decreased in patients with melancholia – but not in those
with non-melancholia – relative to controls. More specifically,
RMSSD (p = 0.01, one-tailed, d = 0.56), HF (p = 0.014, one-
tailed, d = 0.57) and PCSD1 (p = 0.01, one-tailed, d = 0.56)
were all decreased in patients with melancholia, relative to
controls. No significant differences were observed between non-
melancholia and controls. While patients with melancholia had
higher heart rate than those with non-melancholia (by 6.75 BPM;
p = 0.046, one-tailed, d = 0.20), no significant differences

Table 1 | Participant characteristics: mean (M) ± standard error (SD).1

CTL (M ± SE) NMEL (M ± SE) MEL (M ± SE) p-value2

Age 35.69 ± 1.16 34.98 ± 1.56 37.28 ± 2.07 0.657

Gender 52F/42M 17F/15M 25F/15M 0.675

SIGH-D n/a 18.78 ± 0.68 21.50 ± 0.69 0.007

DASS-D 2.13 ± 0.25 21.70 ± 2.04 31.66 ± 1.39 <0.0013

DASS-A 1.19 ± 0.19 9.30 ± 1.79 15.23 ± 2.15 <0.0013

DASS-S 4.54 ± 0.47 19.00 ± 1.83 23.93 ± 1.88 <0.0013

CORE n/a 3.45 ± 0.53 7.18 ± 0.86 <0.0013

1M ± SE values based on original – not imputed data – data before propensity score matching of patient groupings; 2p-value refers to that for omnibus ANOVA, or for
SIGH-D and CORE, an independent-samples t-test; 3post hoc tests revealed that all groups differ from each other, Tukey’s HSD p < 0.05.
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FIGURE 1 | Means and standard error for participant groupings (controls, non-melancholia, melancholia) across each of the dependent measures

after controlling for age, gender, disorder severity, and comorbid anxiety disorders with propensity score matching.

on measures of HRV were observed between melancholia and
non-melancholia.

DISCUSSION
The current study examined the impact of melancholia and
non-melancholia on resting-state heart rate and HRV relative to

controls, revealing robust alterations in patients with melancho-
lia, but not in those with non-melancholia. These findings were
associated with a moderate effect size across multiple measures
(Cohens d’s = 0.56–0.58), providing strong evidence for an
impact of melancholia on vagally mediated, cardiac function.
We also observed patients with melancholia to display a higher
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heart rate, relative to those with non-melancholia. We and oth-
ers have demonstrated that HRV is inversely associated with
disorder severity (Kemp et al., 2010) and that antidepressant med-
ications – particularly tricyclic antidepressants and the serotonin
and noradrenaline reuptake inhibitors often used in more severe
depressions – have adverse effects on heart rate and HRV after
controlling for disorder severity (Licht et al., 2010; Kemp et al.,
2014). Together, these findings suggest that alterations in melan-
cholic patients with severe depression treated with antidepressant
medications would be stronger than those effects reported here, as
our patients were all unmedicated.

Here we show that resting-state heart rate is increased – by
almost eight beats per minute – and HRV, decreased in patients
with melancholia relative to healthy controls, findings associ-
ated with a moderate effect size. An increased resting-state heart
rate may reflect vagal withdrawal without necessarily, an increase
in sympathetic nervous system activity (Porges, 2011; Kemp
et al., 2014). This metabolically conservative response is usually
observed during environmental challenge. We have suggested
(Kemp et al., 2014) that this psychophysiological state may mir-
ror the autonomic dysregulation observed in psychiatric illness
during the resting-state, and the present study highlights that
this may be the case for those with melancholia in particular.
As noted above however, measures of HRV are more pure indi-
cators of vagal activity (Saul, 1990) than heart rate, which also
includes sympathetic input. Differences in heart rate were also
observed between those with melancholia and non-melancholia,
with those with melancholia displaying a higher heart rate, a
difference of 6.75 BPM, a finding associated with a small effect
size (Cohens d = 0.20). No differences however, were observed
on measures of HRV. We suggest that this finding may reflect
differences in a non-vagal (perhaps sympathetic) component of
cardiac function. It is possible therefore that while vagal function
distinguishes between patients and controls, non-vagal compo-
nents of heart rate may further distinguish between disorder
subtypes.

Critically, studies have reported strong evidence for a contin-
uous increase in risk for cardiovascular and all-cause mortality
in men and women with a resting heart rate above 60 beats/min,
regardless of whether individuals have a history of cardiovascu-
lar disease (Fox et al., 2007; see also Cooney et al., 2010; Saxena
et al., 2013). Here we observed patients with melancholia to dis-
play a higher resting, heart rate (78.48 BPM) relative to controls
(70.63 BPM) and those with non-melancholia (71.73 BPM). Other
studies (Lemogne et al., 2011; Åberg et al., 2014) have reported
a relationship between high heart rate and suicide. In fact, 10
additional beats per minute has been shown to increase risk of
suicide by 24 to 37% over a 9 year follow-up period in adjusted
models (Lemogne et al., 2011). Another study on more than 1-
million, 18-year-old participants with no prior mental illness
(Åberg et al., 2014) reported that poor performance on cardio-
vascular fitness and cognitive tests was associated with a fivefold
increased risk of suicide attempt or death over a 5- to 42-year
follow-up period.

In addition to increases in heart rate, we also observed decreases
in all measures of HRV except for SDNN and LF in patients with
melancholia relative to controls. While SDNN reflects the ‘ebb and

flow’ of a variety of factors including respiration, blood pressure
control mechanisms, thermoregulation and kidney functioning,
RMSSD is a more specific index of vagal function that correlates
highly with the high-frequency component of HRV (Kleiger et al.,
2005). Recent thinking also indicates that the low-frequency com-
ponent of HRV reflects blood pressure control mechanisms such as
the baroreflex (Goldstein et al., 2011; Reyes Del Paso et al., 2013).
It is possible therefore that SDNN from short-term recordings is
less sensitive than that extracted from 24-h long recordings, and
that blood pressure control mechanisms are less involved in the
differences observed here between patients with melancholia and
controls.

A recent meta-analysis (Hillebrand et al., 2013) reported that
HRV can predict the first cardiovascular event in individuals with-
out known cardiovascular disease over a period of 3.5 to 15 years.
Cardiovascular endpoints included hospitalization for angina pec-
toris, myocardial infarction, congestive heart failure, arterial
peripheral vascular disease, coronary revascularization, stroke and
cardiovascular death. This meta-analysis (Hillebrand et al., 2013)
was based on eight studies with a total of 21,988 participants with-
out known cardiovascular disease at baseline and reported pooled
relative risks for a first cardiovascular event ranging from 1.35,
1.45, and 1.32 for SDNN, low-frequency or high-frequency HRV
measures respectively. The authors proposed two possible mech-
anisms for their findings including vagal dysregulation activating
inflammatory processes culminating in cardiovascular events. The
other suggested mechanism was that individuals with low HRV
already suffer from subclinical or silent CVD, highlighting that
reduced HRV may be both a cause and consequence of ill health.
Importantly, participants in the present study were free from seri-
ous medical conditions that may have otherwise impacted on the
findings reported here.

It is important to note that our findings were obtained after
accounting for a variety of confounding variables including
severity of depression, anxiety and stress, and number of comor-
bid anxiety disorders. No significant differences were observed
between patients with non-melancholia and controls, suggest-
ing that heterogeneity in patient samples may underpin some
of the past null findings that have been reported in the liter-
ature. Strengths of the present study include a medication free
and physically healthy sample, and application of PSM to control
for a variety of confounding variables across patient groupings.
It is also important to acknowledge some limitations of our
study. There are potential confounding factors that we did not
control for here including physical activity (Rennie et al., 2003;
Soares-Miranda et al., 2014), smoking status (Sjoberg and Saint,
2011; Harte and Meston, 2014), alcohol use (Quintana et al.,
2013a,b), body mass index (Britton et al., 2007; Koenig et al., 2014),
and biomarkers including fasting glucose (Stein et al., 2007) and
cholesterol (Britton et al., 2007; Thayer and Fischer, 2013), all of
which may impact on heart rate parameters. We refer interested
readers to a recent review of the various issues that researchers
should consider when collecting measures of HRV (Quintana and
Heathers, 2014). Regardless, we note here that many of these
factors known to impact on heart rate parameters are also observed
in patients with mood disorders, highlighting the importance of
cardiovascular risk reduction strategies in such patients, and on
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the basis of the present study, those with melancholic symptoms
in particular.

In conclusion, we report here that patients with melancho-
lia – but not non-melancholia – display robust reductions in
resting-state HRV relative to controls. This finding was observed
even when applying PSM, a relatively novel technique to ensure
that patient groupings did not differ on important confounds
including age, gender, severity of depression, anxiety and stress,
and comorbid anxiety disorders. Reduced vagal tone has impor-
tant functional significance (e.g., impaired psychological flexi-
bility; Thayer and Lane, 2000; Kashdan and Rottenberg, 2010),
and over the longer-term may lead to significant morbidity
and mortality from a host of conditions (Thayer et al., 2010;
Kemp and Quintana, 2013). Our study therefore, has impor-
tant implications for the health and wellbeing of patients with
melancholic depression. Future studies are needed to further
examine what particular behavioral features are most associ-
ated with the alterations in heart rate and HRV in patients with
melancholia.
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Differential Associations of Specific Selective
Serotonin Reuptake Inhibitors With
Resting-State Heart Rate and Heart Rate
Variability: Implications for Health
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ABSTRACT

Objective: Debate has focused on the effects of the selective serotonin reuptake inhibitor (SSRI) antidepressants on heart
rate (HR) and HR variability (HRV), both of which are predictors of adverse cardiovascular events. Here, we examine
the associations between specific SSRI antidepressants and resting state HR (and HRV) after accounting for a host of poten-
tial confounding factors using propensity score techniques.

Methods: Participants included 10,466 not taking antidepressants, 46 participants taking escitalopram, 86 taking cital-
opram, 66 taking fluoxetine, 103 taking paroxetine, and 139 taking sertraline. HR and HRV (root mean square of successive
squared differences, high frequency) were extracted from 10-minute resting-state ECGs. Analyses including propensity
score weighting and matching were conducted using R-statistics to control for potentially confounding variables.

Results:Major findings indicated that users of all SSRI medications—except fluoxetine—displayed lower HRV relative to
nonusers. Users of paroxetine also displayed significantly lower HRV relative to users of citalopram (Cohen's d = 0.42),
fluoxetine (Cohen's d = 0.54), and sertraline (Cohen's d = 0.35), but not escitalopram. Although associations were also
observed for HR, these were less robust than those for HRV.

Conclusions: Although paroxetine is associated with decreases in HRV relative to nonusers, as well as users of other SSRI
medications, fluoxetine was the only medication not to display significant alterations in HR or HRV. These conclusions are
limited by the cross-sectional design and nonrandomized nature of medication prescriptions. Findings highlight the impor-
tance of focusing on specific medications, rather thanmore heterogeneous groupings according to antidepressant action, and
may have implications for health and well-being for the longer term.

Key words: health, heart rate variability, HRV, selective serotonin reuptake inhibitors, SSRIs, well-being.
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ANOVA = analysis of variance, BMI = body mass index, CHD =
coronary heart disease, CIS-R = Clinical Interview Schedule-
Revised, ELSA-Brasil = Brazilian longitudinal study of adult
health, HF-HRV = high-frequency power, HR = heart rate,
HRV = heart rate variability, PSM = propensity score matching,
PSW = propensity score weighting, RMSSD = root mean square
of successive squared differences, SNRI = serotonin and nor-
adrenaline reuptake inhibitor, SSRI = selective serotonin reup-
take inhibitor, TCA = tricyclic antidepressant

SSRIs, Heart Rate, and HRV
INTRODUCTION

Antidepressant medications are a first-line treatment op-
tion for moderate to severe mood and anxiety disor-

ders, yet some studies suggest that long-term use may be
associated with an increased risk for cardiovascular disease
(1–3). We recently reported that the use of tricyclic anti-
depressants (TCAs) is associated with a two-fold higher
prevalence in coronary heart disease (CHD), relative to
nonusers in a cross-sectional analysis on the Brazilian lon-
gitudinal study of adult health (ELSA-Brasil) (4). Although
no associations were observed for the SSRI class, antide-
pressant use in Brazil is lower than in high-income coun-
tries. With the exception of sertraline and fluoxetine, SSRIs
are not freely dispensed in public health pharmacies, as
are tricyclics (5). Although TCAs are generally not recom-
mended for depressed patients who have CHD (6), the ef-
fects of the selective serotonin reuptake inhibitor (SSRI)
class of antidepressants remain unclear. In the present study,
we examined the associations of specific medications in the
SSRI class with resting state heart rate (HR) and HR vari-
ability (HRV), two psychophysiological indicators of health
and well-being shown to predict future mortality (7). The
heart is under tonic inhibitory control by the parasympa-
thetic (vagal) nervous system when at rest (8), and both
HR and HRV under resting conditions may reflect vagally
mediated cardiac activity. It is noted, however, that HRV
is a more specific measure of vagal activity (9,10), whereas
HR may also include sympathetic input.

Although the SSRIs are considered to be the safest class
of antidepressant medications for use in cardiac patients
(11), they have also been reported to reduce HRV in de-
pressed patients, compared with those not receiving an an-
tidepressant and with normal controls (12). A variety of
mechanisms have been proposed to contribute to the devel-
opment of cardiovascular disease in users of antidepressants
including SSRIs. These include increased HR, orthostatic
hypotension, slowing of ventricular cardiac conduction,
and antiarrhythmic activity (13). Another strong candidate
for increased risk of cardiovascular disease is impairment
in vagal function (7). Vagal function plays an important reg-
ulatory role for a variety of allostatic systems (14), and in-
vestigation of the associations between SSRIs, HR, and
HRV has important implications for the physical well-being
of patients who use these medications for the long term.

The use of antidepressants is associated with impairment
in vagally mediated cardiac activity (15,16). Associations
are most pronounced for the TCAs, followed by the seroto-
nin and noradrenaline reuptake inhibitors (SNRIs) and the
SSRIs. We recently observed that the SSRIs are associated
with a small decrease in HR and HRV (15). Consistent ef-
fects had been reported in a previous study (16), with de-
creases in HR interpreted as a decrease in sympathetic
activity and decreases in HRV reflecting parallel decreases
Psychosomatic Medicine, V 78 • 810-818 811
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in cardiac vagal effects. SSRIs may interfere with the ac-
tivation of fast Na+channels consistent with class 1 anti-
arrhythmic agents and calcium current, which reflects a
negative inotropic effect reducing contractility (17,18).
HRV reductions associated with SSRI use have also been
shown to be at least partly reversible, suggesting a pos-
sible causal effect (16). Although adverse effects of
SSRIs have been reported (15,16), these findings contradict
other reports of increases (19) and no impact (20) on HRV.
We have suggested previously (21) that one of the factors
underpinning these contradictory findings may be the prac-
tice of grouping together heterogeneous medications within
the SSRI class, leading to variable findings that depend
on what SSRI medications are combined in a particular
study. For instance, paroxetine displays six times more anti-
muscarinic (anticholinergic) potency than sertraline (22),
highlighting the heterogeneity of these medications. This
limitation of previous studies highlights the importance
of comparing specific medications within the SSRI class.
Other explanations for the reported contradictory findings
are that studies have often not controlled various confound-
ing factors, which may affect measures of vagal function.
When studies have controlled for these factors, statistical
analyses such as analysis of covariance have often been
employed, which may lead to a phenomenon known as
the “reversal paradox”—such that the relationship between
two variables is reversed, diminished, or enhanced when
attempting to statistically control for a third variable—
when studies do not randomly allocate participants to group
(see the study by Kemp et al. (21) for discussion). This
makes it difficult to draw conclusions from previous studies
that have employed this statistical approach.

For the first time, we compare multiple medications
within the SSRI class, to determine and compare the impact
of specific SSRI antidepressants on HR and HRV. Some of
the limitations in previous studies were addressed using
robust analytical techniques for controlling potential con-
founding factors. Propensity score techniques have several
advantages over traditional regression-based approaches,
including improved control of confounding by not conflat-
ing propensity score methods with the modeling approach,
and application of flexible machine learning methods to
capture complex and nonlinear relationships between par-
ticipant grouping and potential confounding variables
without overfitting the data (23).
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METHODS

Participants
ELSA-Brasil is a cohort of 15,105 civil servants aged 35 to 74 years enrolled
betweenAugust 2008 andDecember 2010 at six different sites inBrazil (Belo
Horizonte, Porto Alegre, Rio de Janeiro, Salvador, Sao Paulo, and Vitoria).
The study design and sampling procedures of ELSA-Brasil have been re-
ported previously (24,25). Briefly, eligible participants includedmales and fe-
males aged between 35 and 74 years who were active or retired employees of
the six institutions. Exclusion criteria included severe cognitive or communi-
cation impairment, intention to quit working at the institution, and, if retired,
residence outside the corresponding metropolitan area. Women with current
or recent pregnancy were rescheduled so that the first interview could take
place 4 months after delivery of their child (24). The ethics committees of
the participating universities approved the research protocol. All participants
provided written informed consent after a complete description of the study.

Here, we report on a total of 10,906 participants after dropping partic-
ipants on antidepressants other than an SSRI (n = 382 including 113 on
SNRIs, 174 on TCAs, and 96 on other antidepressants), participants on
whom no HRVexamination was available (n = 1813, including 504 partic-
ipants with ectopic beats), participants on whom ECGs were not available
for scoring major Q wave abnormalities (n = 1740), and participants miss-
ing data on other variables used in analysis (n = 563). Included participants
comprised nonusers of antidepressant medications (controls, n = 10,466),
those taking escitalopram (n = 46), citalopram (n = 86), fluoxetine
(n = 66), paroxetine (n = 103), and sertraline (n = 139). Participants on
fluvoxamine were not included in the present study because of small num-
bers of participants taking this medication (n = 3).

Procedures
Participants were asked to abstain from caffeine, alcohol, and physical activ-
ity for at least 12 hours before assessments. Participants were asked to bring
all of the prescription and over-the-counter pill bottles to an interview for re-
view by the interviewer. Individuals taking one selective SSRI medication
continuously for the past 2 weeks were classified as users and grouped ac-
cording to the specific antidepressant they were taking. Selective SSRIs were
defined using the Anatomical Therapeutic Chemical Classification code:
N06AB. A continuous, 10-minute, resting-state ECGwas also obtained from
participants while in the supine position fromwhich HR and HRVwere ex-
tracted using standardized methods (26,27). The ECGs were always col-
lected in the morning (8:00–12:00 A.M.) in a temperature-controlled
room (21°C–24°C) and were sampled at 250 Hz with a digital electrocar-
diograph (Micromed, Brazil) consistent with Task Force recommendations.
ECGs were processed blindly at a Central ECG Reading Center, where they
were visually inspected for technical errors and inadequate quality and then
stored for subsequent analysis in a Pyramis ECG management system (Ver-
sion 6.2.b, Cardiac Science Corporation, Bothel, Washington). ECGs were
codified electronically using the Minnesota code manual of electrocardio-
graphic findings by validated software, with manual overreading by trained
cardiologists to ensure quality control. Major Q wave abnormalities were
determined from a 12-lead ECG as defined by the Minnesota code scheme
(MC 1-1-X to 1-2-X). Dedicated software (Micromed Wincardio 4.4a,
Brazil) automatically generated the R-R interval series from the selected
ECG lead with the highest R-wave amplitude (usually D2). Data were then
processed to obtain measures of HR and HRV including the root mean
square of successive squared differences (RMSSD) and high-frequency
power (HF-HRV). RMSSD and HF-HRV both reflect vagal parasympa-
thetic activity and are usually highly correlated. HF-HRV (0.15–0.40 Hz)
was estimated and expressed in absolute units. Both RMSSD and HF-HRV
were then log transformed as a normalization strategy.

Covariates
Covariates included sociodemographic factors (age, sex, level of educa-
tion, race), cardiovascular risk factors (smoking, body mass index [BMI],
Psychosomatic Medicine, V 78 • 810-818 812
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hypertension, diabetes, dyslipidemia), established heart disease and associ-
ated medications, physical inactivity, and psychiatric morbidity. Level of
education was entered as two dummy coded variables (less than high
school: yes versus no; completed high school: yes versus no), whereas race
was entered as a categorical variable indicating whether participants were
non-White (yes versus no). Smoking status was indicated if participants
were current smokers (current versus past/never), and BMI was determined
as follows: weight in kilograms divided by height in meter squared. Hyper-
tension was defined as a systolic blood pressure of 140mmHg or greater, a
diastolic blood pressure of 90 mmHg or greater, or the use of antihyperten-
sive medications. Diabetes was defined as self-reported or fasting blood
glucose level of 126 mg/dl or greater, a 2-hour oral glucose tolerance test
glucose level or 200 mg/dl or greater, or a glycated hemoglobin level of
6.5% or more. Dyslipidemia was defined as a low density lipoprotein cho-
lesterol level of 130 mg/dl or greater, or use of lipid-lowering medication.
Blood samples were collected after a 12-hour overnight fast, and med-
ication use was determined on the basis of pill bottle review. Established
heart disease was determined through a previous history of a physician-
diagnosed myocardial infarction, a previous percutaneous coronary inter-
vention including balloon angioplasty with or without stent placement,
and a previous surgical revascularization consisting of either arterial or ve-
nous grafts. Complementing this self-report information, major Q wave ab-
normalities (yes versus no) on the 12-lead ECG were also entered into
analyses as a covariate. Physical activity was measured using the Interna-
tional Physical Activity Questionnaire (28) and categorized according to
low activity versus moderate or high activity, as determined using scoring
guidelines. Psychiatric morbidity was determined by trained interviewers
using the Portuguese version (29) of the Clinical Interview Schedule-
Revised (CIS-R) (30). The CIS-R version was applied and severity scores
were obtained ranging from 0 to 57.

Statistical Analysis
Statistical analysis was conducted using IBM SPSS Statistics Version 21
and the R-statistical environment (version 3.0.1). Participant characteristics
were examined using one-way analyses of variance (ANOVAs) for con-
trasts involving continuous dependent measures and χ2 statistics for cate-
gorical variables (Table 1). Tukey honest significant difference is reported
for ANOVAs, correcting for multiple comparisons, whereas standardized
residuals (z scores) were used to help interpret χ2 statistics. Our main anal-
yses involved comparison of SSRI antidepressant users and nonusers on
HR, RMSSD, and HF-HRV, before and after application of propensity
score techniques including propensity score weighting (PSW) (23) and pro-
pensity score matching (PSM) (31) to adjust findings for the previous co-
variates. These techniques involve calculating a single propensity score
on the basis of entered covariates for each participant that relates to the
probability that the participant belongs to the same distribution (i.e., anti-
depressant grouping). Two propensity analytic methods were employed:
PSW and PSM. Whereas PSW involves entering the propensity score
into regression models, PSM involves selecting comparison participants
(nonusers of antidepressants) to match other groups on propensity scores.
PSW was carried out using the “twang” and “survey” packages, whereas
PSM was conducted using the “MatchIt” package in the R statistical envi-
ronment. Details on how to implement these procedures have been de-
scribed previously (23,31). PSM was conducted as a sensitivity analysis,
allowing the effective sample size of medication groupings to be increased
and potential type 1 error associated with discrepant sample sizes (i.e., be-
tween users and nonusers of antidepressants) in PSW to be avoided. Ef-
fective sample sizes reflect the adverse impact of increased variance on
precision and power (23), providing an estimate of the number of compara-
ble participants in each group after introducing propensity score weights or
dropping cases when matching. Additional PSW analyses were conducted
after dropping control participants from analysis. This analysis allowed the
effective sample size of medication groupings to be increased, achieving
a higher-powered, head-to-head comparison between SSRI medications.
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TABLE 1. Participant Characteristics (Unadjusted) Including Means and Standard Errors for Continuous Variables
and Number of Participants and Percentage of Participants Relative to Sample Size of Subgroup

Controls
(n = 10,466)

Escitalopram
(n = 46)

Citalopram
(n = 86)

Fluoxetine
(n = 66)

Paroxetine
(n = 103)

Sertraline
(n = 139) p

Age, M (SE) 52.10 (0.09) 54.48 (1.37) 55.95 (1.02)b 53.86 (1.18) 53.63 (0.92) 52.60 (0.76) <.001

Females, n (%) 5515 (52.7) 32 (69.6) 67 (77.9)b 55 (83.3)b 78 (75.7)b 115 (82.7)b <.001

Education, n (%)

<High school 1386 (13.2) 0b 3 (3.5)b 8 (12.1) 5 (4.9)b 14 (10.1) .001

High school 3620 (34.6) 4 (8.7)b 31 (36.0) 25 (37.9) 26 (25.2) 40 (28.8) .001

Ethnicity, n (%)

Non-white 5154 (49.2) 15 (32.6) 28 (32.6)b 22 (33.3) 37 (35.9) 48 (34.5)b <.001

Current smokers, n (%) 1330 (12.7) 6 (13.0) 9 (10.5) 12 (18.2) 16 (15.5) 14 (10.1) .58

BMI, M (SE) 27.03 (0.05) 27.27 (0.78) 26.60 (0.51) 27.31 (0.55) 25.98 (0.42) 27.67 (0.42) .11

Hypertension, n (%) 3773 (36.1) 16 (34.8) 32 (37.2) 21 (31.8) 34 (33.0) 55 (39.6) .88

Diabetes, n (%) 2063 (19.7) 7 (15.2) 13 (15.1) 9 (13.6) 12 (11.7) 31 (22.3) .16

Dyslipidemia, n (%) 5985 (57.2) 33 (71.7) 60 (69.8) 44 (66.7) 73 (70.9) 101 (72.7)b <.001

Hard CHD, n (%) 474 (4.5) 2 (4.3) 1 (1.2) 1 (1.5) 9 (8.7) 7 (5.0) .16

Major Q waves, n (%) 263 (2.5) 1 (2.2) 1 (1.2) 0 2 (1.9) 3 (2.2) .77

Physical inactivity, n (%) 8037 (76.8) 40 (87.0) 61 (70.9) 52 (78.8) 80 (77.7) 114 (82.0) .25

CIS-R total score,a M (SE) 7.87 (0.08) 9.15 (1.08) 12.26 (1.03)b 10.12 (1.10) 11.29 (1.04)b 14.33 (0.83)b <.001

HR, M (SE) 66.78 (0.09) 65.55 (1.19) 63.72 (0.80)b 65.64 (0.94) 66.53 (0.95) 67.02 (0.77) .041

RMSSD, M (SE) 3.23 (0.01) 2.98 (0.08)b 3.08 (0.06) 3.17 (0.07) 2.94 (0.05)b 3.09 (0.05)b <.001

HF-HRV, M (SE) 5.36 (0.01) 4.83 (0.18)b 4.97 (0.12)b 5.19 (0.13) 4.84 (0.11)b 5.12 (0.11) <.001

M = mean; SE = standard error; BMI = body mass index; CHD = coronary heart disease; CIS-R = Clinical Interview Schedule-Revised; HR = heart rate;
RMSSD = root mean square of successive squared differences; HR-HRV = high-frequency power.
a Severity of psychiatric morbidity determined using CIS-R.
bRefers to one-wayANOVA inwhich each group is comparedwith controls (Tukey honest significant difference, p < .05) or standardized residuals (z scores)
from χ2 statistics lying outside ±1.96 reflecting a significance p value of less than 0.05 using Fisher exact test with the Monte Carlo method when necessary.

SSRIs, Heart Rate, and HRV
Cohen's d effect size statistics were calculated for each pair-wise compari-
son with values of 0.2, 0.5, and 0.8 interpreted as small, medium, and large
effects, respectively, according Cohen's guidelines (32,33). Effect sizes
were calculated using an online calculator (available here at The Campbell
Collaboration: http://goo.gl/zeLyuH (34)).

RESULTS

Participant Characteristics
Descriptive statistics for participants are reported in Table 1.
Participants differed on age, sex, education, ethnicity, low
density lipoprotein cholesterol, and psychiatric morbidity,
highlighting the importance of propensity score techniques
to better control for associations between these variables
and HR, and HRV. It is possible, for instance, that the differ-
ences in confounding variables may account for differences
between groups on HR and HRV.

The unadjusted results for HR andHRVare also reported
in Table 1. Findings indicate that HR is reduced in users of
citalopram and that HRV is reduced in all users of SSRIs
with the exception of those on fluoxetine. In the following
sections, we report results after adjusting for potentially
confounding variables on the basis of propensity scores. It
Psychosomatic Medicine, V 78 • 810-818 813
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is relevant to note here that the unadjusted findings for flu-
oxetine did not change after controlling for confounding
variables (as reported below).

Impact of SSRIs on HR and HRV

Propensity Score Analyses
The differential impact of SSRIs was determined after
PSW and PSM. Effective sample sizes after PSW were
as follows: controls, n = 10,451; escitalopram, n = 28;
citalopram,n = 28; fluoxetine, n = 48; paroxetine, n = 62;
and sertraline, n = 61. PSWanalyses revealed significant al-
terations in RMSSD (F(5,10900) = 10.66, p < .001) and
HF-HRV (F(5,10900) = 8.06, p < .001), whereas alterations
were observed for HR at trend levels (F(5,10900) = 1.91,
p = .089). Effective sample sizes after PSMwere as follows:
escitalopram, n = 46; citalopram,n = 86; fluoxetine, n = 66;
paroxetine, n = 103; and sertraline, n = 139. Descriptive
data, statistical tests, and Cohen's d effect size measures
are summarized in Table 2. The major finding was that al-
terations in HR and HRV were observed for all users of
SSRIs except for fluoxetine (Table 2). In addition, users
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SSRIs, Heart Rate, and HRV
of paroxetine displayed robust reductions in both measures
of HRV (RMSSD, HF-HRV) in both PSW and PSM, rela-
tive to nonusers, findings associated with small to moderate
effect size (Table 2).

Specificity Analyses
Additional PSW analysis was conducted to compare each
SSRI medication after dropping controls from the analyses.
This allowed for the effective sample size of medication
groupings to be increased and for a higher-powered,
head-to-head comparison between SSRI medications to
be conducted. After application of PSW, effective sample
sizes were as follows: escitalopram, n = 36; citalopram,
n = 73; fluoxetine, n = 57; paroxetine,n = 84; and sertraline,
n = 122. Analyses revealed significant differences on HR
(F(4,435) = 2.52, p = .041) and RMSSD (F(4,435) = 2.99,
p = .019), but not HF-HRV (F(4,435) = 1.48, p = .21). Post
hoc tests indicated that users of paroxetine (meanHR
[MHR] = 67.48, standard error [SE] = 1.12) and sertraline
(MHR = 66.89, SE = 0.83) displayed significantly higher
HR than users of citalopram (MHR = 63.83, SE = 0.82)
(p = .009, Cohen's d = 0.43; p = .009, Cohen's d = 0.36).
Users of paroxetine (MRMSSD = 2.88, SE = 0.05) also
displayed significantly lower RMSSD than users of cital-
opram (MRMSSD = 3.08, SE = 0.06; p = .019, Cohen's
d = 0.42), fluoxetine (MRMSSD = 3.14, SE = 0.07; p = .003,
Cohen's d = 0.54), and sertraline (MRMSSD = 3.06, SE = 0.05;
p = .011, Cohen's d = 0.35).

DISCUSSION
This study examined and compared the impact of specific
antidepressants within the SSRI class on resting-state HR
and HRV. This is an important issue because chronic alter-
ations of HR and HRV by SSRI antidepressants may lead
to morbidity from a host of conditions and diseases, and
subsequent mortality (7,35). Major findings from this study
suggest that the following: (1) all users of SSRIs—except
fluoxetine—display alterations in HR or HRV relative to
nonusers (findings for HRV seemed to be more robust
and consistent for HRV than those for HR); (2) users of
citalopram display a mild bradycardia, characterized by
reductions in HR by up to 4 beats per minute, findings
associated with a small to moderate effect size; (3) only
users of paroxetine display robust reductions in both
measures of HRV, findings again associated with a small
to moderate effect size; and (4) users of paroxetine also
display small to moderate reductions on HRV relative to
users of citalopram, fluoxetine, and sertraline, but not
escitalopram.

These associations may be produced through a variety
of mechanisms including serotonergic receptors in brain-
stem regions involved in cardiovagal control, including
the nucleus tractus solitarius at which cardiorespiratory af-
ferent fibers terminate, and the cardiac vagal preganglionic
Psychosomatic Medicine, V 78 • 810-818 815
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neurones and rostral ventrolateral medulla (the location of
sympathetic premotor neurones) (36,37). Although differ-
ent receptors have variable effects, 5-HT1A and 5-HT7 con-
tribute to mild bradycardia, a finding that was observed
here for users of citalopram, who displayed a reduction
in resting state HR by approximately 4 beats per minute.
SSRIs may also inhibit cardiac and vascular Ca2+, Na+,
and K+ channels further contributing to mild bradycardia
(17,18). In addition, the effect of paroxetine may also be
associated with anticholinergic effects (22), including in-
hibition of vagal efferent activity through blockade of mus-
carinic acetylcholine receptors at the sinoatrial node.

Large cohort studies and meta-analyses on the impact of
SSRI medications have reported contradictory findings in-
cluding increases (19), decreases (15,16), and no alterations
(20) in HRV, leading to much discussion in the literature
(21,38,39). These reports highlight the need for compari-
sons between different antidepressant medications from the
SSRI class, an important contribution of the present study.
Our findings extend our recent study on the impact of anti-
depressant class (15) to specific antidepressants within the
SSRI class, demonstrating that paroxetine displays the most
robust reductions in HRVafter controlling for a number of
confounding factors relative to controls, as well as users of
other SSRI medications. These findings provide important
new evidence for individual medications within the SSRI
class and highlight the need for further study in this area in-
cluding investigation of the long-term effects of specific
antidepressants within the SSRI class—and paroxetine in
particular—on physical health and illness. To our knowl-
edge, this is the first comparison of multiple medications
within the SSRI class on measures of HR and HRV.

Paroxetine displayed the most pronounced reductions in
HRV, relative to both controls as well as users of other med-
ications, with the exception of escitalopram. Interestingly, a
previous study on 28 inpatients with a DSM-IV diagnosed
depressive episode also reported HRVreductions when par-
oxetine was prescribed at 40 mg/d for a 35-day period (40).
The authors of this study (40) suggested that the higher dos-
age of paroxetine may affect HRV in a similar way to
TCAs. At higher concentrations (≥40 mg/d), paroxetine is
known to act as a dual serotonin/noradrenaline reuptake in-
hibitor (41,42) and is characterized by appreciable anti-
muscarinic (anticholinergic) potency (41). It is interesting
to note that our earlier study (15) reported that TCAs and
SNRIs were associated with moderate to large increases in
HR and decreases in HRV. By contrast, paroxetine in the
present study is associated with small to moderate reduc-
tions in HRV. These effect sizes are presumably smaller
than those we observed for tricyclic and SNRI medications,
because some participants on paroxetine may have been
prescribed dosages less than 40 mg/d. It is also notable that
although SNRIs and TCAs may also lead to tachycardia in
addition to reductions in HRV, users of paroxetine in the
September 2016
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present study only exhibited decreases in HRV, not increases
in HR (relative to nonusers).

In contrast to paroxetine, fluoxetine was the only antide-
pressant that was not associated with significant alterations
in cardiac activity. Fluoxetine is generally considered a
safe medication for patients with cardiovascular disease.
An early study (43) on depressed elderly patients with
pre-existing cardiovascular disease reported that fluoxetine
decreased HR by 6% (n = 27), whereas nortriptiline, a TCA,
was associated with a 9% increase (n = 52). This study
highlighted the contrasting effects of fluoxetine versus
nortriptiline on HR, with the authors concluding that in-
creases in HR may reflect an increase in cardiac work,
which overtime may have clinically adverse effects. The
only medication associated with robust decreases in HR in
the present study was citalopram (PSW Cohen's d = 0.35;
PSM Cohen's d = 0.49).

Although fluoxetine has been a popular pharmacological
treatment for mood and anxiety disorders, recent systematic
reviews indicate that other medications (e.g., sertraline,
escitalopram) may be more efficacious (44). In fact, ser-
traline is the most commonly studied SSRI medication in
depressed patients with cardiovascular disease and is con-
sidered to be the first-line drug of choice in this patient pop-
ulation (45). In the present study, sertraline displayed some
alterations of cardiac activity relative to nonusers; how-
ever, PSW findings were not confirmed using PSM. We
have recently reported (46) that chronic treatment with
sertraline (50-mg/d) does not affect HRV for a period of
6 weeks in an independent cohort of patients with major
depressive disorder.

Escitalopram also displayed alterations of cardiac activ-
ity, including moderate reductions in RMSSD in both PSW
and PSM. Escitalopram was also the only SSRI medication
that did not significantly differ from paroxetine in a direct
comparison across multiple antidepressants highlighting
the potentially adverse chronic effects of this medication
on HRV. Recall that these findings were observed in users
taking this medication continuously for the past 2 weeks.
In contrast to these results, we have previously reported that
a single dose of escitalopram (20mg), relative to placebo, is
associated with increases in HF-HRV, findings associated
with a moderate to large effect size (47). It is possible there-
fore that acute versus chronic administration of escitalopram
leads to different effects on HRV. Others have noted that
chronic administration of SSRIs may lead to significant in-
hibition of various cardiovascular ion channels leading to
certain pro- or arrhythmic effects (17,18).

It is important to acknowledge here a variety of limita-
tions associated with our study including a lack of addi-
tional information on participant's use of antidepressants
including dose and length of use. It is possible, for instance,
that the findings observed here are less than what might be ob-
served for participants on higher dosage (e.g., paroxetine
Psychosomatic Medicine, V 78 • 810-818 816
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at dosages higher than 40 mg/d) and extended use (e.g.,
years). Although sensitivity analyses confirmed findings for
paroxetine (robust reductions in HRV) and fluoxetine (no
significant associations for HR or HRV), it is possible that
factors including dosage and length of use may have con-
tributed to the findings that could not be confirmed using
sensitivity analyses especially HRV reductions for other
medications including escitalopram, citalopram, and sertra-
line. It is important, however, to place these limitations in
the context of various strengths of our study, including a
comparison of multiple medications from the SSRI class
on HR and HRV for the first time and the use of propensity
score techniques to better control for potentially confound-
ing factors.

In summary, users of all SSRI medications—with the
exception of fluoxetine—display alterations in cardiac ac-
tivity, relative to nonusers. Critically, users of paroxetine
even display reductions in HRV relative to users of other
SSRI medications, with the exception of escitalopram.
These findings may have important clinical implications.
First, HRV reflects the functioning of the vagus nerve
(48), and its impairment may lead to impaired regulation
for various allostatic systems (14,49), which may have ad-
verse impacts on physical health in those patients who use
these medications for the long term. Second, patients with
mood and anxiety disorders already display alterations in
HR and HRV (15,46,50,51), and further reductions may
have further consequences for patient health. Third, clini-
cians should be particularly mindful of physical health in
patients treated with paroxetine and possibly escitalopram,
which are associated with the greatest impacts on HRV.
Future research on the long-term effects of SSRI antide-
pressants and the possibility that simple changes in health
behaviors may ameliorate these associations is needed.
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a b s t r a c t

Background: Studies focusing on the association between anxiety/depressive symptoms and accelerated
subclinical atherosclerosis have yielded mixed results. Our aim is to examine associations between
anxiety/depressive symptoms, common mental disorder (CMD), major depression disorder (MDD) or
generalized anxiety disorder (GAD) and carotid intima-media thickness (CIMT) in the Brazilian Longi-
tudinal Study of Adult Health (ELSA-Brasil) cohort baseline.
Methods: The ELSA-Brasil baseline assessment included CIMT measurements and the Clinical Interview
Schedule e Revised (CIS-R), a validated questionnaire for anxiety/depressive symptoms/diagnoses. We
analyzed participants without previous coronary heart disease or stroke, and with high-quality CIMT
images. We built regression models to determine whether the CIS-R score, CMD, MDD or GAD were
associated with maximal CIMT levels.
Results: The study sample comprised 9744 participants. We found that individuals with higher CIS-R
scores (Odds ratio for one standard deviation increase [OR]:1.12; 95% confidence interval [95%CI]:1.06
e1.19), CMD (OR:1.22; 95%CI:1.07e1.38) and GAD (OR:1.19; 95%CI:1.01e1.41) had significantly higher
odds of being classified in the highest age, sex and race-specific CIMT quartile. In the linear models, after
adjustment for traditional cardiovascular risk factors, higher CIS-R scores (b:0.005; P ¼ 0.010) and GAD
(b:0.010; P ¼ 0.049) were independently associated with CIMT values.
Conclusion: Individuals with more symptoms of anxiety and/or depression, or diagnoses of CMD or GAD,
had higher CIMT values, compared to peers of same age, sex and race. CIS-R scores and GAD were
independently associated with higher CIMT values. These results suggest an association between anxi-
ety/depressive symptoms (and, most notably, GAD) and accelerated subclinical atherosclerosis.

© 2015 Published by Elsevier Ireland Ltd.
1. Background

Major depression and anxiety disorders are highly prevalent
medical conditions worldwide [1]. Individuals with major depres-
sive disorder and anxiety disorders are potentially subject to higher
cardiovascular risk [2e4]. However, the development of clinical
a e Epidemiol�ogica, Hospital
rofessor Lineu Prestes, 2565,
SP, Brazil.
events related to cardiovascular disease can occur decades after the
onset of the psychiatric disorders, which raises the potential for
confounding factors during this time and makes causality as-
sumptions more difficult.

Carotid intima-media thickness (CIMT) is a non-invasive sur-
rogate measurement for subclinical atherosclerosis in the early
stages [5], and studies have consistently shown that higher CIMT
values are associated with future major cardiovascular events [6].
Although there is no single consensual definition of which CIMT
values should be considered as abnormal, some authors advocate
that a CIMT value above the 75th percentile for a given age, sex and
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race is indicative of increased CVD risk [7].
CIMT has also been used to study the putative association be-

tween depressive symptoms and the atherosclerotic burden in
some studies with both positive [8e15] and negative [16e21] re-
sults. The association between CIMTand anxiety is less studied, and
led to negative results [14,17,20,22,23] or associations with only
borderline significance [24].

The Brazilian Longitudinal Study of Adult Health (ELSA-Brasil) is
a cohort study of 15,105 civil servants in six Brazilian cities, mainly
focused on cardiovascular diseases and diabetes. The baseline
assessment comprised clinical and laboratory exams, as well as the
application of questionnaires, including the Brazilian-Portuguese
version of the Clinical Interview Schedule e Revised (CIS-R). This
creates a favorable scenario for studying the association between
mental symptoms and CIMT in a very large sample outside US and
Europe, using structured data on psychiatric morbidity.

The aim of the present study is to verify the hypothesis of a
positive crossesectional association between CIMT values and CIS-
R scores, as well as the diagnoses of common mental disorder,
major depression disorder and generalized anxiety disorder in
ELSA-Brasil baseline.
2. Methods

2.1. Study design

The ELSA-Brasil design, objectives and cohort profile have been
published in detail elsewhere [25,26]. Briefly, it is a cohort study of
15,105 civil servants from six institutions in different Brazilian cities
(S~ao Paulo, Belo Horizonte, Porto Alegre, Salvador, Rio de Janeiro,
and Vitoria). All active or retired employees of the six institutions
aged 35e74 years were eligible for the study. Exclusion criteria
were current or recent (<4 months prior to the first interview)
pregnancy, intention to quit working at the institution in the near
future, severe cognitive or communication impairment, and, if
retired, residence outside of a study center's corresponding
metropolitan area. Sample size estimation (15,000 participants)
was based on the incidence and risk studies for type 2 diabetes and
myocardial infarction. Our sample includes volunteers (76%) and
actively recruited participants (24%), the latter being recruited from
listings of civil servants. The baseline assessment consisted of a 7-
hour examination, which took place from August 2008 to
December 2010. Approvals were granted by the institutional review
boards of all the centers, and all the individuals signed an informed
consent form.
2.2. Carotid intima-media thickness

The CIMT measurement protocol was previously detailed
[27,28]. CIMT was measured in the outer wall of a predefined ca-
rotid segment of 1 cm in length from 1 cm below carotid bifurca-
tion, during three cardiac cycles. We used MIA™ software to
standardize the quality control, reading and interpretation of ca-
rotid scans, centralized in the ELSA-Brasil investigation center in
S~ao Paulo. As the main CIMT variables for this paper, we used
maximal CIMT values from each common carotid artery and for
both arteries combined. This was adopted by others [29e31] as
well. These combined CIMT values were calculated only for those
individuals with high-quality images for both common carotid ar-
teries. CIMT values were categorized according to the distribution
values in the ELSA-Brasil sample stratified by age, sex and race. This
modeling procedure used quantile regression techniques, and is
detailed in an earlier article [28].
2.3. Clinical interview schedule e revised (CIS-R) and diagnoses of
mental disorders

The mental diagnoses were assessed by trained interviewers
using an adapted Brazilian-Portuguese version of the Clinical
Interview Schedule e Revised (CIS-R). The CIS-R is a short,
straightforward, structured interview formeasuring anddiagnosing
communitynon-psychoticpsychiatricmorbidity, andcanbe applied
by lay interviewers [32] with reliability. The CIS-R yields diagnoses
according to the tenth revision of the International Classification of
Diseases. CIS-R score ranges fromzero to 72, andwhen analyzed as a
continuous variable, the CIS-R scores were standardized to mean
0 and standard deviation 1. According to the proposal of Lewis et al.
(1992), participants with a score of 12 or higher were classified as
having common mental disorder (CMD). Diagnoses of generalized
anxiety disorder (GAD) and major depressive disorder (MDD) using
the CIS-R questionnaire are based on the 10th revision of the Inter-
national Classification of Diseases (ICD-10) [33]. CIS-R validation to
Brazilian Portuguese included translation and cross-cultural equiv-
alence described previously by Nunes et al. [34]. Correlation be-
tween interviewers using CIS-R questionnaire is 0.91 and kappa
coefficient to identify individuals with a score of 12 points or higher
is 0.72 (95% confidence interval; 95%CI: 0.65e0.79) between in-
terviewers and 0.70 (95% confidence interval; 95%CI: 0.51e0.88)
between an interviewer and a psychiatrist [22].

2.4. Study sample

For the main analyses in this study, we analyzed ELSA-Brasil
participants with high-quality left and right common carotid ar-
tery images without previous coronary heart disease or stroke
(N¼ 10,356).We excluded from the sample thosewithmissing data
on the CIS-R questionnaire (N ¼ 7). As CIMT interpretation and an-
alyses are dependent on an individual's age, sex and race, we
excluded individuals with missing data on self-reported race
(N¼112) and those of AsianorNative races (N¼399), because of the
lownumber. Therewas no exclusions due tomissing data on age and
sex in our sample. As the number of underweight individuals,
defined as those with a body-mass index (BMI) below 18.5 kg/m2,
was low in our sample, and there are studies describing a J-shaped
association between BMI and both depression [35] and anxiety [36],
we excluded subjects with BMI < 18.5 kg/m2 (N ¼ 90) or with
missing BMI data (N ¼ 4). Thus, our final study sample for the main
analyses consisted of 9744 participants (4297 men and 5447
women). For the sensitivity analyses (see Statistical Analysis below),
we also analyzed the datawithout considering overt cardiovascular
disease at ELSA-Brasil baseline assessment as an exclusion criteria.
The sample size for this sensitivity analysis was 10,308 participants.

2.5. Study variables

Race was self-defined as Black, Brown or White. Medication use
was assessed by interview, and included all continuous medica-
tions for two weeks prior to baseline assessment. Educational level
was self-reported and categorized as lower than high school, high
school and college or above. Use of antidepressant (code N06A) and
lipid modifying agents (code C10) were defined according to the
WHO ATC/DDD [37] classification of medications. A complete
description of the use of antidepressants and benzodiazepine drugs
in our sample is described elsewhere [38]. Hypertension was
defined as the reported use of medications to treat hypertension,
systolic blood pressure �140 mmHg, or diastolic blood pressure
�90 mmHg at ELSA-Brasil baseline assessment. Diabetes was
defined as a medical history of diabetes mellitus, the reported use
of medications to treat diabetes mellitus, fasting serum glucose
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�126 mg/dl, HbA1c levels �6.5% or 2-hour 75 g oral glucose
tolerance test �200 mg/dl. Dyslipidemia was defined as the re-
ported use of lipid-lowering treatment or LDL cholesterol level
�130 mg/dl. Excessive alcohol intake was defined as �30 g of
ethanol/day for men and �20 g of ethanol/day for women.

2.6. Statistical analysis

The Chi-squared and KruskaleWallis tests were used whenever
applicable. We built multinomial logistic regression models to
determinewhether CIS-R scores, commonmental disorder, MDD or
GAD were associated with higher modeled CIMT quartiles. We also
built linear regression models to study the association between
these variables and the CIMT values. These models are presented
(1) crude; (2) adjusted for age, sex and race, (3) adjusted for vari-
ables in model 2 plus hypertension, diabetes, dyslipidemia, over-
weight/obesity diagnoses, smoking status and the use of
antidepressants and (4) adjusted for variables in model 3 plus
systolic blood pressure (as a continuous variable), diastolic blood
pressure (as a continuous variable), excessive alcohol intake,
educational level and use of lipid modifying agents. Although the
focus of the present paper is to evaluate subclinical atherosclerosis,
we also performed a sensitivity analysis including individuals with
overt cardiovascular disease (prior myocardial infarction, angina
pectoris or stroke) at ELSA-Brasil baseline assessment. Our aim in
this sensitivity analysis was to evaluate whether excluding these
participants influenced the study results. Also, as a sensitivity
analysis, we re-ran adjusted linear regression models, including an
interaction term between the measurements of anxiety/depression
and sex, to determine whether the association between each of
these measurements and the CIMT values was different in men and
women. Statistical analyses were performed using R software
version 3.1.2 [39]. The significance level was set at 0.05.

3. Results

Table 1 shows the study sample characteristics. Male partici-
pants were more prone to have higher systolic and diastolic blood
Table 1
Study sample.

Men
(N ¼ 4297)

Age (years) (mean ± SD) 51.5 ± 9.2
Race (%)
White 2501 (58.2)
Brown 1217 (28.3)
Black 579 (13.5)

Educational level
Lower than high school 695 (16.2)
High school 1497 (34.8)
College or above 2105 (49.0)

Systolic blood pressure (mean ± SD) 124.9 ± 16.2
Diastolic blood pressure (mean ± SD) 78.6 ± 10.6
Body-mass index (kg/m2) (mean ± SD) 27.0 ± 4.1
Diagnosis of hypertension (%) 1563 (36.4)
Diagnosis of diabetes (%) 926 (21.6)
Dyslipidemia diagnosis (%) 2505 (58.4)
Smoking status (%)
Never 2195 (51.1)
Past 1497 (34.8)
Current 604 (14.1)

Excessive alcohol intake (%) 495 (11.5)
CIS-R score (mean ± SD) 6.1 ± 6.6
Common mental disorder (%) 763 (17.8)
Major depression disorder (%) 82 (1.9)
Generalized anxiety disorder (%) 363 (8.5)
Use of antidepressants (%) 140 (3.3)
Use of lipid modifying agents (%) 473 (11.0)
pressure (P < 0.001 for both), excessive alcohol intake (P < 0.001),
hypertension (P < 0.001), diabetes (P < 0.001) and dyslipidemia
(P ¼ 0.037) diagnoses, and to be current or past smokers
(P < 0.001). On the other hand, female participants had higher
educational level (P < 0.001), CIS-R scores and higher frequencies of
CMD, MDD, GAD and use of antidepressants (P < 0.001 for all).

Table 2 shows the odds ratios for the association between CIS-R
score and psychiatric conditions and age, sex and race-specific in-
tima-media thickness quantiles, according to regression models
based on ELSA-Brasil CIMT value distribution. We found that in-
dividuals with higher CIS-R score (P < 0.001), CMD (P ¼ 0.003) and
GAD (P ¼ 0.043) had significantly higher odds of being classified in
the highest CIMT quartile. Although the point odds ratio estimate
indicated a positive association between MDD and the highest
CIMT quartile, this association was not significant in our sample
(P ¼ 0.519).

Table 3 indicates the beta-coefficients for the association be-
tween CIS-R score and psychiatric conditions with intima-media
thickness (as a continuous variable) in linear models. Crude
models indicated negative associations between CIS-R scores or
diagnoses and CIMT values. The explanation for this finding is that
higher CIS-R scores and psychiatric conditions are more frequent in
women, and women typically have better cardiovascular risk pro-
files and lower CIMT values. In fact, higher CIS-R scores (P < 0.001),
common mental disorder (P ¼ 0.001) and generalized anxiety
disorder (P¼ 0.001) were all positively associatedwith higher CIMT
values after adjustment for age, sex and race. There was a non-
significant trend towards a positive association between major
depression disorder and higher CIMT values in age, sex and race-
adjusted models (P ¼ 0.071). It is noteworthy that even after
adjustment for major cardiovascular risk factors and the use of
antidepressants, higher CIS-R scores (P ¼ 0.013 and P ¼ 0.010 for
models 3 and 4, respectively) and generalized anxiety disorder
diagnosis (P¼ 0.034 and P¼ 0.049 for models 3 and 4, respectively)
were independently associatedwith higher CIMT values. Sensitivity
analyses not excluding individuals with overt cardiovascular dis-
ease at ELSA-Brasil baseline assessment did not significantly alter
the results. In addition, when we built adjusted linear regression
Women
(N ¼ 5447)

Total
(N ¼ 9744)

51.4 ± 8.7 51.5 ± 8.9

3181 (58.4) 5682 (58.3)
1337 (24.5) 2554 (26.2)
929 (17.1) 1508 (15.5)

494 (9.1) 1189 (12.2)
1957 (35.9) 3454 (35.4)
2996 (55.0) 5101 (52.4)
116.5 ± 15.9 120.2 ± 16.5
73.5 ± 10.0 75.8 ± 10.6
26.9 ± 4.8 26.9 ± 4.5
1552 (28.5) 3115 (32.0)
797 (14.6) 1723 (17.7)
3063 (56.3) 5568 (57.2)

3413 (62.7) 5608 (57.6)
1370 (25.2) 2867 (29.4)
664 (12.2) 1268 (13.0)
184 (3.4) 679 (7.0)
9.6 ± 8.4 8.1 ± 7.9
1779 (32.7) 2542 (26.1)
300 (5.5) 382 (3.9)
891 (16.6) 1254 (13.0)
504 (9.3) 644 (6.6)
622 (11.4) 1095 (11.2)
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Table 2
Odds ratios for the association between CIS-R score and psychiatric conditions and age, sex and race-specific CIMT quartiles.

Odds ratios for age, sex and race-specific quantile regression groups

P0 e P25 P25 e P75 P75 e P100

CIS-R score (1 SD increase) Reference (1.0) 1.11 (1.05e1.16) 1.12 (1.06e1.19)
Common mental disorder Reference (1.0) 1.22 (1.09e1.37) 1.22 (1.07e1.38)
Major depression disorder Reference (1.0) 1.16 (0.90e1.50) 1.10 (0.82e1.49)
Generalized anxiety disorder Reference (1.0) 1.04 (0.90e1.21) 1.19 (1.01e1.41)

SD: standard deviation.

Table 3
Beta-coefficients for the association between CIS-R score and psychiatric conditions and CIMT as a continuous variable (in mm).

Model 1 (crude) Model 2 Model 3 Model 4

CIS-R score (1 SD increase) ¡0.009 (¡0.013 to ¡0.005) 0.009 (0.005 to 0.012) 0.005 (0.001 to 0.008) 0.005 (0.001 to 0.008)
Common mental disorder ¡0.016 (¡0.025 to ¡0.007) 0.014 (0.006 to 0.022) 0.006 (�0.002 to 0.014) 0.007 (�0.001 to 0.015)
Major depression disorder �0.013 (�0.033 to 0.008) 0.017 (�0.001 to 0.035) 0.009 (�0.009 to 0.026) 0.009 (�0.009 to 0.026)
Generalized anxiety disorder �0.007 (�0.019 to 0.005) 0.018 (0.007 to 0.029) 0.011 (0.001 to 0.021) 0.010 (0.0001 to 0.021)

Model 2 is adjusted for age, sex and race. Model 3 is adjusted for variables in model 2 plus hypertension, diabetes, dyslipidemia, overweight/obesity diagnoses, smoking status
and the use of antidepressants. Model 4 is adjusted for variables in model 3 plus systolic blood pressure (as a continuous variable), diastolic blood pressure (as a continuous
variable), excessive alcohol intake, educational level and use of lipid modifying agents. SD: standard deviation.
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models considering an interaction between CIS-R score, CMD, MDD
or GAD with sex, we did not get any significant interaction terms (P
values from 0.131 to 0.983), suggesting that the strength of these
associations is similar in both genders.

4. Discussion

In this study, we found that individuals with higher CIS-R scores,
CMD or GAD had significantly higher CIMT values than expected for
their age, sex and race. We observed a similar but non-significant
trend for those with major depression disorder. Even after adjust-
ment for traditional cardiovascular risk factors, higher CIS-R scores
and generalized anxiety disorder diagnosis were associated with
significantly higher CIMT values in our sample of middle-aged
adults.

The association between atherosclerotic cardiovascular disease
and non-psychotic mental diseases (notably major depression) has
been studied in the past decades. Although there is some con-
flicting data and some methodological challenges apply [40], most
authors agree that individuals with depression and/or anxiety are
subject to higher cardiovascular risk [41,42]. Higher burden of
classical atherosclerotic disease risk factors [43,44], alterations in
platelet function and hypercoagulability [45,46], neuroendocrine
changes [47], unbalanced immune responses [48], and distur-
bances in autonomic [49] and central [50] nervous system func-
tions have all been proposed to explain the higher incidence of
cardiovascular events in individuals with depression and/or anxi-
ety. Although some of those mechanisms may be intertwined,
measurements of subclinical atherosclerosis, such as CIMT, can help
clarify the putative role of accelerated atherosclerosis for the higher
cardiovascular risk of individuals with mental disorders.

Comparing studies that evaluate the association between
mental disorders and subclinical atherosclerosis is challenging.
Study protocols, strategies of measurement and cutoff levels for
both subclinical atherosclerosis andmental symptoms assessments
vary widely in literature [5,7,51,52]. There is substantial heteroge-
neity among studies. Moreover, CIMT values may not be compa-
rable across different populations. (Table 4, Appendix A) shows a
review of cross-sectional and cohort studies on the association
between anxiety and depressive symptoms and carotid intima-
media thickness. To our knowledge, ELSA-Brasil is the largest
study to date to study the association between CIMT and anxiety/
depression symptoms. Given the large ELSA-Brasil sample, wewere
able to use, in our article, CIMT comparisons based on the value
distribution of our sample. In addition, results using CIMT as a
continuous (adjusted for age, sex and race) or categorized variable
(using quantile regression modeling based on the same variables)
yielded similar results, showing the consistency of those findings.

We found in our sample that individuals with psychiatric
symptomatology in the ELSA-Brasil had higher CIMT values,
compared to peers of the same age, sex and race. Although this is an
important finding, it was evenmore striking that the CIS-R score (as
a continuous variable) and diagnosis of generalized anxiety disor-
der were associated with CIMT values even after adjustment for
major cardiovascular risk factors and use of medication. This is
consistent with the findings of Kabir et al. [10] and Pizzi et al. [12].
Additionally, Seldenrijk et al. [53] analyzed baseline data of the
Netherlands Study of Depression and Anxiety (NESDA), a cohort
study of individuals aged 18e65 years. Those researchers found a
positive association between symptoms of anxiety/depression and
subclinical atherosclerosis, evaluated using the ankle-brachial in-
dex of 2717 individuals. However, those findings were based on a
small number of subjects (2.2% of their sample) with altered ankle-
brachial index (�0.90). Along the same lines, Janssen et al. [54]
analyzed coronary artery calcium (CAC) data of 346 women aged
42 to 52 years-old. They found that a standard deviation increase in
depressive symptom scores was associated with a relative risk of
1.25 (95%CI: 1.06e1.47) for CAC score progression (more than 10
Agatston units) after an average follow-up of 2.3 years.

On the other hand, a cross-sectional analysis in the MESA study
[55] with 6789 participants aged 45e84 years of age found no
evidence of association between CAC scores and depressive
symptoms, anger, anxiety or chronic stress. Recently, Hernandez
et al. [56] carried out a cross-section evaluation of 1101 individuals
aged 65e84 years from the Chicago Healthy Aging Study, and did
not find any consistent associations between subclinical athero-
sclerosis (evaluated by CAC score and ankle-brachial index) or
symptoms of depressive or anxiety. The previously mentioned
studies by Beutel et al. [16], Chirinos et al. [17], Ohira et al. [20] and
Paterniti et al. [24] did not find significant associations either. It is
reasonable to think that these conflicting results are at least
partially explained by differences in study designs and populations.
Most studies that did not find a significant positive association
between mental symptoms and subclinical atherosclerosis did not
include, or had a small number of younger individuals, inwhich the
burden of classical cardiovascular risk factors is not yet as marked.
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Wemay speculate that in samples that contain younger individuals,
more subtle contributions, due to the influence of depression or
anxiety, are more easily detectable.

As previously stated, subclinical atherosclerosis probably is not
the only mechanism underlying the relationship between mental
disorders and higher cardiovascular risk. Hypotheses involving a
putative role for autonomic dysregulation in individuals with
mental disorders (notably GAD) have recently gained strength [57].
In the ELSA-Brasil cohort, we also reported that individuals with
GAD had higher resting heart rate and decreased heart rate vari-
ability, both of which are markers of poor cardiovascular prognosis
[58]. Prospective data from ELSA-Brasil and other cohort studies
may provide more information about the relative weight of each of
these mechanisms, on the association between mental disorders
and cardiovascular risk.

Our study highlights the fact that the burden of psychiatric
disorders are not limited to mental suffering, but also includes its
impact on major causes of mortality worldwide [59], due to their
link to cardiovascular disease. There is consistent evidence associ-
ating mental disorders and intermediate characteristics of poorer
cardiovascular outcome [4], as higher rates of harmful lifestyle
habits [43], lower access to health care [60] and poorer adherence
to treatment [61]. Although definite data from randomized control
trials on the impact of mental disorders treatment on cardiovas-
cular mortality still lack [62], adequate recognition and treatment
of psychiatric disorders could potentially improve cardiovascular
outcomes in these patients.

Our study has some strengths. The ELSA-Brasil is a multicenter,
large cohort study that used strict protocols and validated ques-
tionnaires in the baseline assessment [27,63]. Specifically, the use of
the CIS-R questionnaire allowed not only evaluation of the occur-
rence of mental symptoms, as most current instruments do, but
also enabled us to classify the study participants according to their
diagnosis of anxiety/depression, in accordance with the ICD-10
criteria. In addition, intima-media thickness was obtained from a
predetermined carotid site in the whole sample, image reading was
centralized and computer-aided, and only high-quality images
were considered for the analyses. We used different statistical
analysis strategies, and we were able to obtain consistency across
all the results. This is a strong argument in favor of a real association
between non-psychotic mental symptoms and subclinical athero-
sclerosis. Also, we were able to investigate the association between
subclinical atherosclerosis and anxiety symptoms and GAD, which
is a relatively poorly studied subject, using standardized and vali-
dated instruments. Our study also has some limitations. Firstly, due
to its cross-sectional design, it is not possible to infer causality. One
could argue that individuals with atherosclerotic disease could
present more non-psychotic mental symptoms due to this condi-
tion, in a classic presentation of reverse causality. In our analysis,
this does not seem to be the case, as individuals with overt car-
diovascular disease were excluded from the study sample. Sec-
ondly, we used the CIS-R questionnaire, which is focused on current
psychiatric symptomatology (symptoms present in the last 30
days). Although this strategy reduced recall bias, it is not possible to
infer, with our data, the influence of past, remitted mental symp-
toms on subclinical atherosclerosis. Similarly, the use of medica-
tions was focused on the past twoweeks in the ELSA-Brasil, and it is
not possible to control for the use of antidepressant medications
discontinued before this period. ELSA-Brasil is not a population-
based study, as participants are civil servants volunteers from six
institutions in different cities from three out of five Brazilian re-
gions. We should keep in mind that inferences from its findings
towards the Brazilian population must be done with caution.
However, although this method of selection may interfere in
prevalence estimates, it is still a good setting for association studies,
as is the case of the present article. Finally, we have the limitation
that we did not perform a complete reproducibility study for IMT
measurements in ELSA-Brasil. However, other researchers have
published the reproducibility of carotid structural parameters
assessed with transcutaneous ultrasound [64,65] and we followed
a strict protocol, with centralized reading and a computerized
edge-tracking multiframe image processing method to ensure
correct IMT measurements in our study.

In conclusion, our results suggest that accelerated atheroscle-
rosis plays an important role in the link between anxiety/depres-
sive symptoms and higher cardiovascular risk. We found that
individuals with more intense psychiatric symptoms had higher
CIMT values in the ELSA-Brasil sample, compared to individuals of
the same age, sex and race. Even after adjustment for traditional
cardiovascular risk factors, higher CIS-R scores and a diagnosis of
generalized anxiety disorder were associated with significantly
higher CIMT values in this large sample of middle-aged individuals.
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Background:  Research  has  linked  high-frequency  heart  rate  variability  (HF-HRV)  to  cognitive function.
The  present  study  adopts  a modern  path  modelling  approach  to understand  potential  causal  pathways
that  may  underpin  this  relationship.
Methods:  Here  we  examine  the  association  between  resting-state  HF-HRV  and  executive  function  in  a
large  sample  of civil  servants  from  Brazil  (N =  8114)  recruited  for the Brazilian  Longitudinal  Study  of  Adult
Health (ELSA-Brasil).  HF-HRV  was  calculated  from  10-min  resting-state  electrocardiograms.  Executive
function  was  assessed  using  the  trail-making  test  (version  B).
Results  and  conclusions:  Insulin  resistance  (a marker  of  type  2 diabetes  mellitus)  and  carotid  intima-media
thickness  (subclinical  atherosclerosis)  mediated  the  relationship  between  HRV  and  executive  function
in  seriatim.  A  limitation  of  the  present  study  is  its cross-sectional  design;  therefore,  conclusions  must
be  confirmed  in  longitudinal  study.  Nevertheless,  findings  support  that possibility  that  HRV  provides
a  ‘spark’  that  initiates  a cascade  of  adverse  downstream  effects  that  subsequently  leads  to cognitive
omeostasis model assessment index for
nsulin resistance
OMA-IR
arotid intima-media thickness

MT
ath modelling

impairment.
© 2016  Published  by  Elsevier  B.V.
ediation analyses

. Introduction

An increasing body of research highlights important links

etween cardiac function and cognition, resonating with Aris-
otelian thinking (Gross, 1995) on the functional role of the heart.
agal nerve stimulation in humans has been shown to influence
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higher-order cognitive processing including executive function
(Sackeim et al., 2001; Vonck et al., 2014). Other studies have
demonstrated that reduced high-frequency HRV (HF-HRV) − an
index of cardiac vagal function (Cacioppo, Tassinary, & Berntson,
2007) − is associated with a 6.7-fold increase in odds for cognitive
impairment in older women  (Kim et al., 2006), and that experi-
mental modulation of HRV improves prefrontal cognitive function
in both young (Hansen, Thayer, Johnsen, Sollers, & Stenvik, 2004)

and older (Albinet, Boucard, Bouquet, & Audiffren, 2010) partic-
ipants. Furthermore, recent epidemiological studies have shown
that poor cardiovascular health is associated with future cognitive
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mpairment (Reis et al., 2013; Thacker et al., 2014). Therefore,
fforts to improve cardiovascular health − consistent with the
merican Heart Association strategic goals for 2020 and beyond

Lloyd-Jones et al., 2010) − may  have important implications for
ognitive outcomes later in life, including delaying onset of demen-
ia. Here we examine the association between resting-state HF-HRV

 an important marker of cardiac health − and executive function in
ivil servants recruited in the Brazilian Longitudinal Study of Adult
ealth (ELSA-Brasil) (Aquino et al., 2012; Schmidt et al., 2014) using

 modern path modelling approach (Hayes, 2013).
Despite an increasing body of evidence linking HRV to cogni-

ive function, the underlying pathways mediating this relationship
emain unclear. Despite this, the available evidence provides a solid
ramework on which potential mechanisms may  be explored. Vagal
erve function − commonly indexed by HF-HRV − plays an impor-
ant role in regulating the inflammatory reflex (Tracey & Pavlov,
012; Tracey, 2002a), a neural mechanism involved in metabolic
omeostasis and rapid control of innate immune responses, just
s it controls heart rate and other vital functions. In this regard,
educed resting-state HRV may  reflect a poorly functioning anti-
nflammatory reflex (Jarczok, Koenig, Mauss, Fischer, & Thayer,
014; Kemp & Quintana, 2013; Tracey & Pavlov, 2012), leading to
hronic inflammation and the development of insulin resistance
Donath & Shoelson, 2011; Hotamisligil, 2006), a syndrome that
ubsequently contributes to progressive atherosclerosis (DeFronzo,
010) and cognitive impairment (Zhong et al., 2012). Decreased
agal nerve function leads to impaired hepatic vagal nerve sig-
alling and baroreflex sensitivity that is causally associated with

nsulin resistance (Miller, Sims, Canavan, Hsu, & Ujhelyi, 1999;
ibeiro, Lautt, Legare, & Macedo, 2005; Tracey and Pavlov, 2012).

nsulin resistance is a hallmark of type 2 diabetes mellitus and is
trongly associated with a cluster of metabolic and cardiovascular
isk factors including dyslipidaemia, hypertension, obesity, glucose
ntolerance and endothelial dysfunction (DeFronzo, 2010; Kashyap

 Defronzo, 2007), and these components may  actually contribute
o predementia syndromes and the evolution of dementia (Panza
t al., 2012).

Chronic inflammation also plays an important role in the patho-
hysiology of metabolic risk factors (i.e. the metabolic syndrome)
Haffner, 2006). Longitudinal studies have demonstrated that the

etabolic syndrome leads to cognitive decline over a 3-year period
n an elderly Latino population, and these findings were especially
ronounced in individuals with high serum levels of inflamma-
ion (median high-sensitivity C-reactive protein level ≥3.2 mg/L)
Yaffe et al., 2007). Insulin resistance also has proatherogenic effects
t the level of the arterial wall, that subsequently lead to cellu-
ar events critical for plaque progression (Reddy, Singh, Bangit, &
atsell, 2010; Tabas et al., 2010Tabas, Tall, & Accili, 2010) (see also:
arrowni et al., 2013). Inflammation also contributes to the devel-
pment of atherosclerosis (Ross, 1993, 1999), further suggesting
n important role for reduced vagal function in the accumulation
f lipids and hardening of the arterial wall.

Carotid intima-media thickness (IMT) is a non-invasive surro-
ate measurement for subclinical atherosclerosis (Touboul et al.,
012), associated with cognitive impairment and cognitive test
erformance ten years later (Zhong et al., 2012). In that study
Zhong et al., 2012), larger IMT  was associated with longer time to
omplete the Trail-Making Test (part B) − a commonly employed
easure of executive function employed in the present study −

fter multiple adjustments. The authors (Zhong et al., 2012) pro-
osed three possible mechanisms for the association between
arotid atherosclerosis and cognitive function including: 1) unsta-

le plaque peeling off, causing cerebral emboli, stroke and vascular
ementia, 2) silent stroke damaging the brain and causing cognitive

mpairment, and 3) chronic cerebral hypo-perfusion and ischemia,
ncreasing the vulnerability of neurons and subsequently impact-
ology 117 (2016) 216–224 217

ing on cognitive performance. Interestingly, it has recently been
shown that low resting HRV is associated with decreased resting
brain perfusion as measured by pulsed arterial spin labelling (Allen,
Jennings, Gianaros, Thayer, & Manuck, 2015). We  suggest here
that the adverse, downstream effects of reduced HRV may  include
insulin resistance subsequently leading to increased atherosclero-
sis, which will contribute to cognitive impairment. This is the model
we sought to test in the present study.

We hypothesised that insulin resistance and atherosclerosis
would mediate the relationship between HRV and executive func-
tion in a relatively large cohort of individuals from Brazil. We
further sought to determine whether a single serial pathway of
multiple mediators, or multiple indirect pathways underpinned
this relationship. For instance, it is possible that reduced HRV
directly contributes to atherosclerosis, beyond any contribution
from insulin resistance. It is also possible that insulin resistance
itself contributes directly to impairment in cognitive function
(McCrimmon, Ryan, & Frier, 2012; Talbot et al., 2012). While we
expected an important role of insulin resistance and atherosclero-
sis as mediating factors between HRV and executive function, we
sought to determine, which particular pathways best explain this
association. To our knowledge this is the first study to explore the
relationship between cardiac function and executive function using
path modelling.

2. Methods

2.1. Participants

ELSA-Brasil is a cohort of 15,105 civil servants aged 35–74
enrolled between August 2008 and December 2010 at six cities
(Belo Horizonte, Porto Alegre, Río de Janeiro, Salvador, São Paulo
and Vitória). Exclusion criteria for the ELSA-Brasil study included
current or recent pregnancy (within 4 months of first interview),
intention to quit working at the institution in the near future, severe
cognitive or communication impairment, and if retired, residence
outside of a study centre’s metropolitan area. ELSA-Brasil is an
ongoing cohort study designed to investigate the development and
progression of chronic diseases including cardiovascular diseases,
diabetes and dementia (Aquino et al., 2012; de Passos, Caramelli,
Benseñor, Giatti, & Barreto, 2014; Schmidt et al., 2014). The ethics
committees of the participating universities approved the research
protocol. All participants provided written informed consent after
a complete description of the study.

Data from participants completing the Trail Making Test (TMT,
version B) − a measure of executive function − was  available for
13,142 participants after excluding participants (n = 1963) with a
history of stroke or those using medications known to interfere
with cognition (neuroleptics, anticonvulsants, anticholinesterase
or antiparkinsonian agents), as well as those participants who were
not able to complete the test within 5-min. Analyses were con-
ducted on cases with complete data (N = 8114). (See section on
Participant Characteristics for further information).

2.2. Procedure

Participants were asked to abstain from caffeine, alcohol and
physical activity 12 h prior to assessments, described below. (See
also Aquino et al., 2012; Schmidt et al., 2014).

2.3. Measures
2.3.1. Heart rate variability (HRV)
Ten-minute, resting-state electrocardiogram (ECG) was

recorded from participants in the supine position during spon-
taneous breathing without task demands. The ECG was  always
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for testing predicted directional relationships in cross-sectional
datasets (Hayes, 2013). Our conceptual model − in which HRV
transmits its effects on cognitive function through insulin resis-
tance (our first mediator) followed by IMT  (second mediator)—is
18 A.H. Kemp et al. / Biological

ollected in the morning (8:00 to 12:00 h) in a temperature-
ontrolled room (21–24 ◦C). Lead II ECG signals were recorded
t 250 Hz with a digital electrocardiograph (Micromed, Brazil),
onsistent with international standards for the collection of heart
ate variability (Task Force of the European Society of Cardiology
nd the North American Society of Pacing and Electrophysiology,
996). (see also R. J. Ellis, Zhu, Koenig, Thayer, & Wang, 2015).
incardio (4.4a) software generated the R–R interval series from

 lead associated with the highest ECG R-wave amplitude (usually
2). We  have described the artefact detection and spectral analytic

echniques previously (Dantas et al., 2012; Kemp, Brunoni, Santos,
unes, Dantas, Carvalho de Figueiredo et al., 2014a). Briefly, the
–R series was automatically preprocessed to remove ectopic beats
nd artifact, and linear interpolation was employed to replace any
emoved beats. Power spectral analysis was carried out by autore-
ressive modeling, estimated by the Yule Walker method, using the
ecursive algorithm of Levinson-Durbin. The high frequency (HF;
.15–0.40 Hz) component was estimated, expressed in absolute
nits and then log-transformed as a normalisation strategy. The
oot mean square of successive differences (RMSSD), a commonly
eported time-domain measure of heart rate variability was also
xtracted from participant data for sensitivity analysis. While
MSSD is highly correlated with HF-HRV (Goedhart, Van Der Sluis,

 Houtveen, 2007), the former may  be less affected by changes
n breathing frequency (Penttilä et al., 2001; Saboul, Pialoux, &
autier, 2013). While HRV is generally accepted to index cardiac
agal function (Cacioppo et al., 2007), there are several caveats to
ts interpretation (e.g. Berntson et al., 1997; Grossman & Kollai,
993).

.3.2. Trail Making Test (TMT; major outcome measure of
ognitive performance)

We  focus on the TMT  (version B) given work highlighting a
elationship between HRV and executive function (Thayer, Hansen,
aus-Rose, & Johnsen, 2009), as well as a more recent study (Zhong
t al., 2012) that reported higher IMT  at baseline to be associ-
ted with longer time to complete this task at a 10-year follow-up
ssessment. The TMT  (version B) is a widely used test of executive
unctions including cognitive flexibility, attention, concentration
nd psychomotor speed (Bowie & Harvey, 2006). Methodological
etail relating to all cognitive testing in the ELSA study has been
reviously described (de Passos et al., 2014). The TMT  task requires
articipants to draw lines connecting letters and numbers in an
rder that alternated between increasing numeric value and alpha-
etical order (1, A, 2, B, 3, C etc). Participants must complete the
ask as quickly as they can without lifting the pencil point from the
age. The total time (in seconds) to complete the Trails Test B is
hen recorded.

.3.3. Homeostasis Model Assessment Index for Insulin Resistance
HOMA-IR, first mediator)

Blood samples were collected after a 12-h fast. Serum glu-
ose levels were determined using the Hexokinase method
ADVIA Chemistry; Siemens, Deerfield, Illinois). Fasting insulin
evels were measured using the immunoenzymatic assay (ELISA)
Siemens). The homeostasis model assessment (HOMA) index for
nsulin resistance was then calculated using the following for-

ula: (Glucose (mg/dl) * Insulin (mcUI/mL))/405. This method
originally described by D. Matthews et al., 1985) is highly
orrelated with insulin resistance as measured by the euglycemic-

yperinsulinemic clamp method. It is also a relatively simple,
on-invasive alternative that makes it particularly suitable for epi-
emiological studies (Hrebícek, Janout, Malincíková, Horáková, &
ízek, 2002) such as ELSA-Brasil.
ology 117 (2016) 216–224

2.3.4. Carotid intima-media thickness (IMT, second mediator)
The technique for IMT  measurement in the ELSA-Brasil study has

been described previously (R. Mill, Pinto, Griep, & Goulart, 2013;
Santos, Bittencourt et al., n.d.; Santos, Goulart et al., n.d.). The same
protocol was performed in all centers using a Toshiba (Aplio XGTM)
with a 7.5 MHz  linear transducer. IMT  was measured in the outer
wall of a pre-defined carotid segment of 1 cm in length from 1 cm
below carotid bifurcation, during three cardiac cycles. All partic-
ipating centers obtained the carotid images during three cardiac
cycles and sent these acquisitions to the centralized reading cen-
ter in São Paulo. The validity of acquired images was established by
clearly visualising: (1) the anatomic guides for the common carotid
arteries, (2) interfaces between the lumen and the vessel far wall
and, (3) the interfaces between the media and the adventitia layers
of the far vessel wall. The average of the maximum values of right
and left common carotid artery IMT  was used in analysis.

2.4. Covariates

Covariates included demographic characteristics, age, sex, edu-
cation (less than high school vs other), ethnicity (black vs other),
physical activity (sedentary vs other, determined using scoring
guidelines for the International Physical Activity Questionnaire)
(Craig et al., 2003), the severity of depression and anxiety (as
measured by the total score from the Clinical Interview Schedule-
Revised, CIS-R) (Lewis, Pelosi, Araya, & Dunn, 1992; Nunes, de
Mello Alves, Chor, Schmidt, & Duncan, 2012), smoking (current
vs other), and use of other cardiovascular and psychoactive med-
ications not previously excluded (see Section 2.1) (yes vs no).1

Less “than high school level of education, ‘black’ ethnicity, low
levels of physical activity, smoking and use of medications may
be associated with altered levels of HRV, heightened cardiovascu-
lar risk and impaired cognitive performance (especially in older
cohorts), and may  therefore confound unadjusted associations
between variables of interest. Depression and anxiety are also asso-
ciated with our variables of interest (Kemp, Brunoni et al., 2014a;
Kemp, Quintana, Felmingham, Matthews, & Jelinek, 2012; Kemp,
Quintana, Quinn, Hopkinson, & Harris, 2014b), and as preliminary
modelling indicated that depression did not moderate (or mediate)
pathways between HRV and executive function, a measure of the
severity of depression and anxiety was  also added as a covariate.

2.5. Statistical methods

Descriptive information is presented in Table 1 for all par-
ticipants with complete data (N = 8114), as well as by tertile of
high-frequency HRV (HF-HRV) to aid interpretation. Path mod-
elling was  then conducted to examine the direct effects (i.e. HF-HRV
on executive function) and indirect (mediating) effects (i.e. rela-
tionships between HRV and executive function via the mediators,
HOMA-IR and IMT) to test our hypotheses. A series of mediation
models are presented, which quantify the direct and indirect path-
ways through which an antecedent (predictor or independent)
variable transmits its effect on a consequent (dependent or out-
come) variable. Mediation modelling is a suitable analytic approach
1 We would like to note here that we  also ran additional analysis, which sepa-
rated this single medication covariate into either cardiovascular and psychoactive
medications (ATC classification C versus N: http://www.whocc.no/atc ddd index/),
and findings do not differ from those that we report in the body of our manuscript.
(See also our third footnote below).
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Table  1
Participant characteristics of those participants that underwent all assessments in the ELSA-Brasil cohort relevant to the present study are reported. Characteristics are
reported by overall sample with complete data (N = 8114) and tertiles on heart rate variability (HF-HRV)d. The effect size (Pearson’s r or point biserial correlation) is reported
for  the correlation between each characteristic and HF-HRV to provide information about the size of the relationships.

Characteristics Heart rate variability Effect size p-value

Group Overall High Middle Low
Sample size N = 8114d (n = 2703) (n = 2704) (n = 2702)
Age,  mean (SD), y 51.17 (8.81) 48.53 (8.22) 50.83 (8.43) 54.15 (8.87)* −0.28 <0.001
Women, no., % 4571 (56.3) 1663 (61.5) 1546 (57.2)* 1358 (50.3)* +0.10 <0.001
Ethnicity, no., %
Whites 4705 (58.0) 1409 (52.1) 1582 (58.5)* 1711 (63.3)* −0.10 <0.001
Browns 2000 (4.6) 733 (27.1) 651 (24.1)* 615 (22.8)* +0.04 0.001
Blacks 1098 (13.5) 468 (17.3) 374 (13.8)* 255 (9.4)* +0.10 <0.001
Education, no., %
<High school 672 (8.3) 192 (7.1) 208 (7.7) 272 (10.1)* −0.05 <0.001
High  School 2843 (35.0) 1026 (38.0) 950 (35.1)* 865 (32.0)* +0.06 <0.001
College 4599 (56.7) 1485 (54.9) 1546 (57.2) 1565 (57.9) −0.03 0.071
Physical activity, no., %
Low level 6198 (76.4) 2052 (75.9) 2042 (75.5) 2100 (77.7) −0.02 0.125
Moderate level 1141 (14.1) 356 (13.2) 394 (14.6) 391 (14.5) −0.01 0.256
High  level 775 (9.6) 295 (10.9) 268 (9.9) 211 (7.8)* +0.05 <0.001
Depression Severity, mean (SD) 8.03 (7.80) 8.58 (8.11) 7.85 (7.72)* 7.65 (7.53)* +0.05 <0.001
Current smoker, yes, % 1034 (12.7) 398 (14.7) 316 (11.7) 319 (11.8)* +0.03 0.001
HOMA-IRa, mean (SD) 2.34 (2.72) 1.98 (1.98) 2.23 (2.40)* 2.81 (3.50)* −0.15 <0.001
Diabetes, yes, % 1373 (16.9) 323 (11.9) 385 (14.2)* 665 (24.6)* −0.17 <0.001
IMTb, mean (SD), mm 0.75 (0.16) 0.72 (0.15) 0.74 (0.16)* 0.77 (0.17)* −0.14 <0.001
Hard  CHD events, yes% 165 (2.0) 36 (1.3) 43 (1.6) 86 (3.2)* −0.05 <0.001
Medication Usec, yes, % 2874 (35.4) 794 (29.4) 882 (32.6)* 1198 (44.3)* −0.14 <0.001
HR  Averagec, mean (SD), BPM 66.80 (8.98) 62.78 (7.54) 66.21 (7.93)* 71.40 (9.21)* −0.47 <0.001
TMTd, mean (SD), seconds 108.64 (50.98) 105.57 (50.38) 107.98 (50.36) 112.41 (52.20)* −0.07 <0.001

* p < 0.05 relative to high HRV tertile.
a HOMA-IR: homeostasis model assessment-insulin resistance.
b IMT: carotid intima-media thickness, average of bilateral maximum.
c Medication Use: any medication including antidepressants, beta-blockers, lipid reductor, antihypertensives, diuretics, angiotensin II receptor blocker.
d Tertile cut-offs for (ln)HF-HRV: low <4.92, middle >4.92 and <5.91, and high >5.92.
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ig. 1. The conceptual serial mediation model for the relationship between HRV a
ultiple  independent paths.

resented in Fig. 1. Results for an alternative model − in which
nsulin resistance and IMT  transmit their effects on HRV, which
ubsequently impacts on cognitive function − is presented in the
upplementary information.

Modelling involved ordinary least squares path analysis using
he add-on PROCESS tool (Hayes, 2013) in SPSS (version 21) (Hayes,
013). The path modelling approach (Hayes, 2013) that we employ
ere has three major advantages over the traditional approach to
esting mediation (Baron & Kenny, 1986). These are: 1) the capacity
o determine whether there is a significant indirect effect, quantify
his effect and determine whether distinct indirect pathways signif-
cantly differ from each other, 2) the application of a nonparametric
ootstrapping mediation method, which does not make assump-
ions regarding the distribution of the regression coefficients of the
irect effect, and 3) the application of a more powerful approach to
onducting inferential statistics (see Hayes, 2013).
Results from path modelling were derived from 10,000
ootstrapped samples; unstandardized parameter estimates (B),
eteroscedastic-consistent standard errors and bias-corrected 95%
onfidence intervals (95% CI) determined the significance of direct
ecutive function (time to complete trail making test) allowing for comparison of

and indirect associations (Hayes, 2013). Consistent with recom-
mendations for the reporting of findings from observational studies
in epidemiology (Vandenbroucke et al., 2007), unadjusted and
adjusted findings are reported. Two  effect size measures for the
total indirect effect are reported (as described in Hayes, 2013).
These include the ratio of the indirect effect to the total (and
direct) effect reflecting the proportion of the total (and direct) effect
occurring indirectly. Additional analyses on two  randomly selected
subsamples (∼50%) were then conducted to determine the robust-
ness of findings in the entire cohort (i.e. could findings be replicated
in two randomly selected subsamples from the entire sample?) in
order to establish the extent to which findings are replicable. These
results are reported in the supplementary information.

It should be noted here that it is not the point of modern path
modelling to determine the best fitting model given the data, in the
same way  that structural equation modelling is sometimes prac-

ticed (Hayes, 2013). Instead, the goal is to estimate and interpret
the effects that are predicted on the basis of the model proposed in
the context of the extant literature.
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rectly, 2) there is a single, serial multiple-mediator pathway linking
HRV and executive function by insulin resistance and subclinical
atherosclerosis and these findings were robust to the adjustment

2 In these analyses, we did not control for certain variables, such as dyslipidemia
and hypertension, considered to lie on the theoretical pathway between HRV and
executive function. These factors are generally considered to be central features
of  the ‘insulin resistance syndrome’ (DeFronzo, 2010), the basic cause of which
is  insulin resistance, a variable included in the analysis as the first major media-
tor. However, further analyses were run which included these variables, and our
main finding of a single mediating pathway via HOMA-IR and IMT  was found to be
robust to the inclusion of these additional covariates into the model (full sample
20 A.H. Kemp et al. / Biological

. Results

.1. Participant characteristics

The potential impact of missing data was first examined by com-
aring the characteristics of participants with and without missing
ata. Analyses was carried out on a total of 8114 participants after
xcluding participants that did not have data available for any of
he additional variables entered into analyses, including covariates
n = 5028). Carotid IMT  assessments and HRV data were available
or 10,943 and 13,796 participants, respectively, due to local data
ollection issues. An additional 504 participants were excluded
rom HRV analyses due to the presence of ectopic beats. Other mea-
ures on which data was missing included the Homeostasis Model
ssessment Index for Insulin Resistance (HOMA-IR) (n = 19), race

n = 184), activity level (n = 223), and severity of depression (n = 11).
elative to cases completing the Trail Making Test (N = 13,142 after
xclusions; see description of participants in Methods section),
ases included in analyses (N = 8114) were slightly younger (51.17
ears versus 51.66 years; p = 0.002, Cohen’s d = 0.05), were more
ikely to be female (St. Residual = 1.6, �2 = 14.43, p < 0.001, r = 0.03),

hite (St. Residual = 3.8, �2 = 86.94, p < 0.001, r = 0.08), have had less
han a high school level of education (St. Residual = 1.7, �2 = 8.52,

 = 0.004, r = 0.03). Included cases were also less likely to have dia-
etes mellitus (St. Residual = −1.7, �2 = 9.68, p = 0.002, r = 0.03), and
o be using medications (St. Residual = −2.2, �2 = 20.35, p < 0.001,

 = 0.04). However, these differences are very small according to
ffect size measures (Cohen’s d and r), and are unlikely to have
iased results to any meaningful extent.

Table 1 provides information relating to the characteristics of
he participants with complete data (N = 8114). This Table also
resents group characteristics by HF-HRV tertiles to aid interpre-
ation of characteristics according to HF-HRV, our focal predictor
high tertile, M = 6.60, SD = 0.54; middle tertile, M = 5.43, SD = 0.28;
ow tertile, M = 4.10, SD = 0.71]. Relative to those in the highest HF-
RV tertile, those in the lowest tertile were associated with older
ge, fewer women, more participants with reported ‘white’ eth-
icity and few participants with ‘brown’ or ‘black’ ethnicity, less
ducation, fewer participants engaged in high levels of physical
ctivity, fewer current smokers, higher level of insulin resistance,
ore participants with diabetes, greater carotid IMT, more cases
ith ‘hard’ coronary heart disease (CHD) (i.e. history of myocardial

nfarction or coronary revascularisation) and higher heart rate. Par-
icipants in the lowest HF-HRV tertile also displayed a slower time
o complete the trail-making test, a finding associated with small
ffect size (Cohen’s d = 0.13).

.2. Multiple mediation modelling

Results from our unadjusted serial mediation model revealed
ignificant direct (B = −0.0165, 95% CI: −0.0246, −0.0085) and
total) indirect effects (B = −0.0095, 95% CI: −0.0117, −0.0074) for
RV on time taken to complete the trails test (Table 2, Fig. 2). Two

ignificant indirect pathways were identified: the first included
aths a1 → d21 → b2 (see Fig. 1) (B = −0.0027, 95% CI: −0.0032,
0.0022), while the second included paths a2 → b2 (B = −0.0070,
5% CI: −0.0088, −0.0054) (Fig. 2). The ratio of the indirect effect to
he total effect, a measure of effect size, is 0.3644, indicating that
6% of the effect of HRV on executive function occurs indirectly.
The indirect effect is 57% of the size of the direct effect.)

Results from adjusted analyses (Table 3; Fig. 3) provides
vidence for a serial pathway of multiple mediators includ-

ng HOMA-IR (insulin resistance) followed by IMT  (carotid
ntima-media thickness) after controlling for a host of poten-
ial confounding factors in all of the regressions that comprised
he mediation analysis. This finding indicates that the association
ology 117 (2016) 216–224

between HRV and time to complete the trails test is mediated
by HOMA-IR and IMT  (a1 → d21 → b2; full sample effect = −0.0003,
95% CI: −0.0005, −0.0002) (Table 3, Fig. 3).2,3 Additional anal-
yses (reported in supplementary information; supplementary
Tables 1 and 2, and supplementary Figs. 1 and 2) revealed that
the mediating pathway via HOMA-IR and IMT  is replicable in two
randomly selected subsamples highlighting the robustness of the
findings observed in the entire cohort (Table 3, Fig. 3). While the
second mediating pathway via IMT  (a2 → b2) was also significant
for the full sample (B = 0.0005, 95% CI: 0.0001, 0.0010) (Fig. 2,
Fig. 3), it could not be replicated in additional analyses on the two
randomly selected subsamples. Notably, while the single serial-
mediating pathway was robust to control for potential confounding
factors, the total and direct effects between HRV and trail-making
test were no longer significant. It is worth noting here the impact
that adjusting for covariates have on path b2 in particular (com-
pare Fig. 2, which reports unadjusted findings versus Fig. 3, which
reports adjusted findings). Following adjustment, paths a1 (which
refers to the negative relationship between HRV and insulin resis-
tance) and b2 (which refers to the positive relationship between
IMT  and slowing on the Trail Making Task) sum to near zero. This
alteration in path coefficients is likely to have contributed to the
loss of the significant total effect observed in Fig. 2, and in part, helps
to better understand the small effect associated with the overall
singular mediating pathway.

Our alternative model determined whether insulin resistance
and IMT  transmit their effects on HRV, which subsequently impacts
on performance in the TMT  taking into account all covariates.
Results provide evidence against this alternative explanation for
the relationship between HRV and TMT  in our cohort (supplemen-
tary Fig. 3). No paths involving HRV as the second mediator were
significant. Therefore, this model fails to link HRV to performance
on the trail-making task after controlling for covariates, unlike the
results reported in Table 3 and Fig. 3. Finally, additional sensitiv-
ity analyses were conducted. The first on RMSSD as the measure of
HRV replicated the findings reported above on HF-HRV (see sup-
plementary information: Table 4 and Fig. 4). The second on heart
rate instead of HRV (see supplementary Fig. 5) failed to replicate
the findings observed for HRV.

4. Discussion

The present study sought to better understand the relation-
ship between HRV and performance on an executive function task
through modelling of specific variables that may  lie on the causal
pathway. Key findings from the present study were that 1) par-
ticipants with high HRV performed better on the trail-making test
− a measure of executive function − than those with low HRV, a
finding associated with a small effect size (Cohen’s d = 0.13) and
approximately a third of this effect was  observed to occur indi-
effect = −0.0002, 95% CI: −0.0004, −0.0001).
3 We also ran a further analysis, which included a cardiovascular medication

covariate (ATC classification C) and a psychoactive medication covariate (ATC clas-
sification N), and findings indicating a single mediating pathway via HOMA-IR and
IMT  do not change (full sample effect = −0.0003, 95% CI: −0.0005, −0.0002).
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Table  2
Results for the unadjusted serial mediation model on the association between HRV and executive function (trail making test, TMT) for the entire sample with complete data
(N  = 8114). Regression coefficients (unstandardized), standard errors, and model summary information for each consequent are provided. See also Fig. 2.

Consequent

M1(HOMA-IR) M2(IMT) Y (TMT)

Antecedent Coeff. SE p Coeff. SE p Coeff. SE p

X (HRV) a1 −0.1334 0.0091 <0.0001 a2 −0.0178 0.0019 <0.0001 c’ −0.0165 0.0041 0.0001
M1(HOMA-IR) d21 0.0507 0.0024 <0.0001 b1 −0.0012 0.0052 0.8232
M2(IMT) b2 0.3923 0.0240 <0.0001
Constant 1.1589 0.0498 <0.0001 −0.2416 0.0110 <0.0001 4.8051 0.0235 <0.0001
Model Summary R2 = 0.0272 R2 = 0.0718 R2 = 0.0389

F(1,  8112) = 215.034, p < 0.0001 F(2,8111) = 310.15, p < 0.0001 F(3,8110) = 108.74, p < 0.0001

Fig. 2. Path coefficients for unadjusted mediation model for entire sample with complete data (N = 8114). Results provide evidence for indirect paths between HRV  and the
trail-making test HOMA-IR and IMT  (a1 → d21 → b2; bolded path 1) and via IMT (a2 → b2; bolded path 2). See also Table 2. * = p< 0.05, ** = p< 0.01, *** = p< 0.001.

Table 3
Results for serial mediation model on the association between HRV and executive function (trail making test, TMT), fully adjusted for covariatesa for the entire sample with
complete data (N = 8114). Regression coefficients (unstandardized), standard errors, and model summary information for each consequent are provided. See also Fig. 3.

Consequent

M1(HOMA-IR) M2(IMT) Y (TMT)

Antecedent Coeff. SE p Coeff. SE p Coeff. SE p

X (HRV) a1 −0.0942 0.0092 <0.001 a2 0.0046 0.0017 0.0083 c’ −0.0040 0.0038 0.2962
M1(HOMA-IR) d21 0.0340 0.0022 <0.0001 b1 −0.0041 0.0049 0.4031
M2(IMT) b2 0.1052 0.0254 <0.0001
Constant 0.6852 0.0926 <0.0001 −0.8727 0.0173 <0.0001 3.9947 0.0448 <0.0001
Model Summary R2 = 0.1015 R2 = 0.3082 R2 = 0.2071

F(9,  8104) = 101.71, p < 0.0001 F(10,8103) = 361.45, p < 0.0001 F(11,8102) = 210.38, p < 0.0001

a Covariates included age, gender, level of education, ethnicity, physical activity, depression severity, smoking status and medication use.

Fig. 3. Path coefficients for adjusted mediation model for entire sample with complete data (N = 8114) after adjusting for covariates including age, gender, level of education,
e e. Res
v  from 
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thnicity, physical activity, depression severity, smoking status and medication us
ia  HOMA-IR and IMT  (a1 → d21 → b2; bolded path). This path significantly differs
**  = p< 0.001.

f potential confounding variables, and 3) the validity of this single,
erial multiple-mediator pathway was supported in four different
ensitivity analyses (reported in the supplementary information).
hese additional analyses include the 1) replication of findings

n two randomly selected subsamples from the entire cohort
einforcing the confidence in our findings (reported in supplemen-
ary tables and Figs. 1 and 2), 2) failure to support an alternative

odel in which insulin resistance and IMT  drive alterations in HRV,

hich subsequently affects performance on the trail-making test

supplementary Table and Fig. 3), 3) replication of findings using
MSSD, an alternative, commonly-reported measure of HRV that
ults provide evidence for an indirect path between HRV and the trail-making test
alternate path via a2 (dotted line) and b2. See also Table 2. * = p< 0.05, ** = p< 0.01,

may  be less affected by alterations in respiration (supplementary
Table and Fig. 4), and 4) the failure to replicate findings when HRV
was replaced by heart rate (supplementary Fig. 5). Finally, it is
also worth noting here that although effects are small, the find-
ing is replicable in two  randomly selected subsamples (as reported
above, and presented in supplementary information). In summary,
our study makes a novel contribution to the literature on the rela-
tion between cardiac and cognitive function, identifying a single

mediating pathway of multiple mediators that contribute seriatim
to variance in cognitive function.
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We  suggest that our findings are practically significant for at
east four reasons. (See P. Ellis, 2010 for a detailed discussion of
he concept of practical significance). First, research findings are
onsistent with our proposed hypotheses based on the available
iterature (i.e. the ‘theoretical plausibility’ rationale). There is now

 large body of theoretical and experimental evidence that causally
inks dysregulation in the anti-inflammatory reflex − indexed by
eductions in HRV − to insulin resistance (Donath & Shoelson, 2011;
otamisligil, 2006; Tracey & Pavlov, 2012), a syndrome associated
ith progressive atherosclerosis (Beckman, Creager, & Libby, 2002;
eFronzo, 2010), which is itself associated with cognitive impair-
ent, including longer time to complete the Trail-Making Test

Zhong et al., 2012). Second, while the relationships we observed
ere are small in size, small effects may  trigger adverse down-
tream effects that accumulate over time to become large effects
i.e. the “small sparks start big fires” rationale). Vagal nerve dys-
unction is known to lead to chronic inflammation (Jarczok et al.,
014; Tracey & Pavlov, 2012; Tracey, 2002b), which may  sub-
equently lead to a variety of conditions including psychiatric
isorders (Dantzer, O’Connor, Freund, Johnson, & Kelley, 2008) and
ardiovascular disease (Hansson, 2005), conditions known to be
ssociated with cognitive impairment (Caspi et al., 2014; Morris &
uthbert, 2012; Snyder, 2013; Thacker et al., 2014). We  suggest
hat HRV may  be considered the ‘spark’ that initiates a cascade
f adverse downstream effects subsequently leading to cognitive

mpairment. Third, we provide new evidence for a regulatory role of
agal function over a variety of downstream processes that subse-
uently impact on cognition (i.e. the “contribution to the literature”
ationale). These findings were further strengthened by replication
n two randomly selected subsamples, as well as evidence against
he alternative explanation that insulin resistance (HOMA) and IMT
ransmit their effects on HRV, which subsequently impact on cogni-
ive function. Although we acknowledge the limitations associated
ith testing reverse causality (Wiedermann & Eye von, 2015), our

roposed model is in line with a significant body of research indi-
ating that low HRV precedes other risk factors (Jarczok et al., 2014;
hayer & Sternberg, 2006; Thayer, Yamamoto, & Brosschot, 2010;
racey & Pavlov, 2012). Fourth, we provide evidence for a single
athway that mediates executive dysfunction; no additional path-
ays were observed to mediate the effect of HRV on executive

unction (i.e. the “elimination of competing explanations” ratio-
ale).

Our study has a number of strengths including the application of
 modern path modelling approach to understand the relationship
etween HRV and executive function in a relatively large cohort, the
onfirmation of initial findings on two randomly selected subsam-
les, demonstrating the validity of the findings reported here, and

 comparison of alternative paths within the same model as well as
omparison against an alternative model, reinforcing confidence in
ur findings. We  also demonstrated that the findings were replica-
le when replacing HF-HRV with RMSSD, a time-domain measure
f HRV that may  be less susceptible to the effects of respiration
Penttilä et al., 2001; Saboul et al., 2013).

It is also important to acknowledge a number of limitations
ssociated with our study. First, the reliability of short-term mea-
urements of HRV has been questioned (Sandercock, Bromley, &
rodie, 2005) highlighting the importance of the conditions dur-

ng which data are collected. However, reliable and valid measures
f HRV can be obtained from shorter recordings under standard-

zed and controlled conditions (Anonymous, 1996). We  have also
emonstrated that the protocol on which this study is based shows
ood reproducibility (Dantas et al., 2010). Second, we did not

ollect data on respiration rate or tidal volume, which may  influ-
nce estimates of HRV. While researchers have suggested several
pproaches to controlling for these factors (e.g. Berntson et al.,
997; Grossman & Taylor, 2007), the question over whether they
ology 117 (2016) 216–224

should be controlled remains a divisive one in the field of psy-
chophysiology (Denver, Reed, & Porges, 2007; Porges, 2007; Ritz,
2009; Thayer, Loerbroks, & Sternberg, 2011). Third, a weakness of
our study is the cross-sectional design. Therefore, we  only present
evidence of covariation between the variables in our model con-
sistent with available evidence for a mediating relationship by
insulin resistance and atherosclerosis. While mediation modelling
on cross-sectional datasets is an accepted analytic approach for
testing predicted directional relationships (Hayes, 2013), longi-
tudinal studies are of course needed to confirm the findings we
report here. Finally, findings were based on complete case analysis
after dropping participants according to listwise deletion proce-
dures given limitations of the software used. The task of integrating
missing data imputation procedures with mediation analysis is
complicated by the need to combine results according to Rubin’s
rules to account for missing-data uncertainty (Rubin, 2009; Schafer,
1997), and the development of such tools (i.e. those that allow
for data imputation followed by mediation modelling) is still in
their infancy. While complete case analysis is standard practice in
the estimation of mediation models, they may  be characterised by
biased parameter estimates and loss of power. However, only small
differences were observed on participant characteristics between
those cases included and excluded in analyses, and findings were
consistent with hypotheses and the available literature minimising
the importance of any bias that may  have impacted on parameter
estimates. Loss of statistical power is also unlikely to be a major
issue given the large sample on which findings are based.

In summary, the present study provides new evidence for a
single, serial mediating pathway that may  link HRV reductions
to cognitive impairment, reinforcing a potential regulatory role
of vagal function − indexed by HRV − over a variety of down-
stream processes that subsequently impact on cognition. While
we do not claim that the pathway we observe here is the only
pathway that might mediate the relationship between HRV and
executive function, we do suggest that our findings are likely to
be one of the pathways underpinning the relationship between
HRV and executive function, and that the alternative pathways we
examined here may  be less important. Future analysis exploring
more complex models − including for example, whether mediators
of the relationship between HRV and cognitive function are mod-
erated − would be welcomed. Simple health behaviours including
weight loss, smoking cessation, physical exercise, meditation and
use of positive emotions are all associated with increased HRV, and
may  therefore provide opportunities to short circuit the deleterious
effects associated with chronic vagal impairment.
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Abstract Humanity is facing an increasing burden of chronic disease and an ageing 
population that will lead to more years lived with disability. Dealing with these 
issues is difficult, especially if we consider the deterioration of social ties and the 
decline in social connectedness, which may also impact on health and wellbeing. 
However, research on the association between social ties and health outcomes has 
been characterized by conceptual difficulties, controversy and simplistic models. 
Here, we (1) review the literature on the associations between social ties and health 
outcomes, (2) identify various mechanisms through which these associations may 
arise and (3) propose a model on which future research activity could be based. We 
observe that social ties are an important contributor to health outcomes that may 
rival the effects of many traditional risk factors including smoking, alcohol con-
sumption and physical activity. A complex network of behavioural, psychological 
and physiological mechanisms drives the health of individuals, and sociostructural 
factors will either facilitate or impede desired health outcomes within community 
ecosystems. The GENIAL [genomics-environment-vagus nerve-social interaction- 
allostatic regulation-longevity] model is proposed, and important mediators and 
moderators are characterized along a pathway to wellbeing and longevity. A major 
regulatory role is given to the vagus nerve—indexed by heart rate variability—as it 
is responsible for a host of psychological and physiological processes that influence 
social ties, subsequent health and wellbeing. Future research needs to move beyond 
the disciplinary dilemma, initiate multidisciplinary exchange and facilitate new 
lines of interdisciplinary enquiry. We further argue that extending beyond the self by 
focusing on relationships with others and our connections to the environment will 
aid a much-needed transition to a more caring and understanding world.
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Community, in a word,
is the beating heart of life,
and we neglect it at our peril.
Robin Dunbar (2010). How Many Friends Does One Need?:
Dunbar’s Number and Other Evolutionary Quirks

1  Introduction

Social ties are linked to one’s capacity to achieve and maintain health and wellbe-
ing, driven by a fundamental human need to form social bonds. Yet, research on this 
topic has been contradictory, controversial and characterized by simplistic models. 
The construct of social ties is heterogeneous and multidimensional [1, 2], compris-
ing objective measures of network size and degree of participation in social activi-
ties (social support, social integration), as well as subjective measures, including the 
perception of social connectedness and loneliness. Similarly, the assessment of 
wellbeing has focused on at least three different aspects including life satisfaction, 
positive emotions and human flourishing [3–6]. While it is not surprising that the 
literature is a minefield of contradictory findings and false leads, the scientific 
search for pathways to health and wellbeing is a noble endeavour and an important 
societal step forward. The goals for this chapter are (1) to consider the evidence for 
associations between social ties, health and wellbeing; (2) to examine what the 
mediating and moderating paths might be; and (3) to propose a simplified, yet 
sophisticated working model on which future research activity could be based.

Varied definitions of wellbeing have led to some (initially) counter-intuitive find-
ings. For instance, researchers have warned that overvaluing the need for happi-
ness—paradoxically—leads to compromised wellbeing, including increases in 
depressive symptoms and major depression [7]. The reason for this is that people 
are often disappointed with their level of happiness and may ultimately feel less 
happy [8]. Furthermore, emphasizing the importance of positive emotions over neg-
ative emotions is unproductive, as normal fluctuations in negative affect may have 
certain advantages, including improved memory performance, reduction in judge-
mental errors, enhanced motivation and more effective interpersonal strategies [9, 
10]. These findings highlight the ‘upside of your downside’ [10] and a need for 
emotional agility and psychological flexibility [11], rather than the importance of 
positive over negative emotions, as has been argued [12, 13]—and criticized [14, 
15]—previously. That been said, the advantages of negative affect are likely specific 
to normal fluctuations in mood states, rather than more extreme forms of negative 
affect characteristic of the affective disorders, which are associated with impair-
ments in attention and memory recall in particular (e.g. [16, 17]). While affective 
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components of wellbeing will colour our psychological moments, ‘eudaimonia’—a 
Greek word translated to human flourishing [18]—may have stronger associations 
with health and longevity [19, 20] (see also [21–23]).

Much has been written about the potential effects of social ties on health out-
comes and intermediate variables along this pathway. However, conceptual difficul-
ties (e.g. [24]) and simplistic models (e.g. [25]) have led to considerable controversy 
(e.g. [26]; and see also [27]). Two generic pathways through which health outcomes 
may arise are the effects of social ties regardless of the experience of stress and 
stress buffering [1]. In this regard, social integration will promote positive psycho-
logical states leading to health-promoting physiological responses, while social 
support will help to buffer the effects of stressful experiences by promoting less 
threatening interpretations of adverse events and effective coping strategies [1]. 
Recent works in the field of positive psychology have focused on how social ties 
might impact on physical health. For instance, positive emotions have been associ-
ated with social connectedness and physical health [28, 29] in a self-sustaining 
upward spiral dynamic [25, 30]. Positive psychological attributes (optimism and 
hedonic wellbeing, in particular) have also been linked to increased engagement in 
positive health behaviours (e.g. healthy eating, physical activity) as well as improved 
cardiac health [28, 29]. While epidemiological findings from the UK Million 
Women Study observed no direct effects of happiness (in particular) on mortality 
over a 10-year period [20], analyses on the English Longitudinal Study of Ageing 
[31] came to different conclusions. This study, however, focused on eudaimonia, 
encompassing meaning, purpose and flourishing, and demonstrated that those in the 
highest quartile of wellbeing had a 58% reduced mortality risk, after adjustment for 
age and sex. After further adjustment for sociodemographic factors, this effect 
decreased to a still significant 30%. While it could be hypothesized that social per-
sonality traits such as sociability underpin these health outcomes, findings from the 
Terman life-cycle study [32] suggest that this may not be the case. The Terman 
study [32], conducted over more than eight decades, shows that childhood sociabil-
ity promotes social ties and flourishing in midlife. However, sociability was also 
associated with alcohol abuse. Therefore, sociability exerts differential influences 
on health. Other findings from the same study further indicate that cheerful children 
may grow up to be more careless about their health leading to an increased risk for 
premature mortality, which may include a substantial number of unverified suicides 
[33]. These discrepancies and controversies in the field highlight a need for an up- 
to- date review of the literature and more sophisticated models of the associations 
between social ties, health and wellbeing, all goals of the present book chapter.

The aims of this chapter are threefold:

 (1) To examine the epidemiological evidence for a link between social ties, health 
and wellbeing. While this is a useful starting point to examine whether associa-
tions may exist, the epidemiological literature is less helpful in establishing 
causal mechanisms that may underpin such associations, leading us to the fol-
lowing aim.
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 (2) To characterize potential mechanisms that might mediate or moderate associa-
tions between social ties, health and wellbeing and explore how various mecha-
nisms might overlap.

 (3) Based upon the reviewed evidence, we then sought to develop a model that 
might better explain the association between social ties and health outcomes. A 
model is proposed and considerations for future research on this topic are 
discussed.

Several points regarding our review should be noted. First, we discuss research 
published in a variety of distinct fields and disciplines; therefore, a comprehensive 
review of the literature is beyond the scope of our chapter. Instead, we draw upon 
relevant, published reviews and highlight recent studies that build upon this work. 
Second, the World Health Organization defines health as composed of physical, 
mental and social components. For the purpose of the current chapter, we empha-
size the importance of physical and mental components, allowing us to consider 
various mechanisms that might drive and support associations between social ties 
and health outcomes, the single best measure of which is longevity [6]. Third, we 
have already noted that social ties are heterogeneous and multidimensional. Social 
ties may also be either positive or negative and the emotional tone of these relation-
ships differentially impacts on health outcomes. Fourth, recent data suggest that 
social media use is associated with worse wellbeing [34–36]. While one needs to be 
careful about generalizing these findings to all online interactions (e.g. virtual sup-
port groups), real-world interactions may be an especially important contributor to 
positive health outcomes.

2  On the Association Between Social Ties, Health 
and Wellbeing

Investigating the effects of loneliness and social isolation on coronary heart disease 
(CHD) and stroke across 16 longitudinal datasets (N = 181,006), poor social ties 
were associated with a 29% increase in risk of incident CHD and a 32% increase 
risk in stroke [37] (two leading causes of morbidity globally) over 3–21 years. No 
differences were observed between the association of loneliness or social isolation 
with CHD, nor were there any differences between males and females. By contrast, 
outcomes from another meta-analysis [38] investigating the association between 
social ties and mortality risk—drawing conclusions from 148 studies comprising 
more than 300,000 participants—revealed a 50% increased likelihood of survival in 
those with stronger relationships over an average of 7.5 years follow-up. Importantly, 
this research excluded studies in which mortality was a result of suicide or injury, 
and results were consistent across age, sex, initial health status, follow-up period 
and cause of death. This study also reported that the influence of social ties on 
reduced risk for mortality was comparable to other well-known factors including 
smoking cessation, abstaining from alcohol, engaging in physical activity and hav-
ing a lean body mass index (Fig. 1).
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This study [38] also reported that findings were strongest for complex measures 
of social integration comprising multiple components such as marital status, net-
work size and participation (OR = 1.91; 95% CI 1.63–2.23) and lowest for binary 
indicators of residential status (living alone versus with others) (OR = 1.19; 95% CI 
0.99–1.44). In a more recent work by these authors [39], social isolation, loneliness 
and living alone were examined as risk factors for mortality. A total of 70 investiga-
tions with 48,673 participants were identified for inclusion in analysis. Findings 
revealed that social isolation, loneliness and living alone contributed to a 29%, 26% 
and 32% increased risk for mortality over a 7-year follow-up period, respectively. 
No differences were observed between objective (social contact and living alone) 
and subjective (feelings of loneliness) social isolation. It is also interesting to note 
that the authors observed that adults less than 65 years of age were at a greater risk 
of mortality when they lived alone or were lonely (OR = 1.57 for adjusted data), 
compared with older individuals under the same conditions (OR = 1.25 for those 
aged between 65 and 75 and OR = 1.14 for those aged older than 75). They [39] 
suggested that the widespread belief that health risks are greater in older adults may 
be inaccurate. The possibility that social isolation may have adverse effects in 
younger people is consistent with another study [40] that drew on data from four 
nationally representative longitudinal studies spanning adolescence through to late 

Fig. 1 Comparison of odds (lnOR) of decreased mortality across several conditions associated 
with mortality. Effect size of zero indicates no effect. The effect sizes were estimated from meta- 
analyses. Figure from Holt-Lunstad et al. [38], reprinted with permission under the terms of the 
Creative Commons Attribution License, which permits unrestricted use, distribution and reproduc-
tion in any medium, provided the original author and source are credited

Social Ties, Health and Wellbeing: A Literature Review and Model

 118



402

adulthood. Social integration was associated with better physiological functioning 
in a dose-response fashion in both early and later life. The latter [40] investigated 
structural and functional dimensions of social ties (social integration, social support 
and social strain), examining their effects on objectively measured biomarkers of 
physical health (C-reactive protein, blood pressure, waist circumference and body 
mass index). In adolescence, social integration was associated with a 40% lower 
odds of elevated inflammation, while social isolation (OR = 1.27) raised the odds to 
a comparable degree with physical inactivity (OR  =  1.21). These physiological 
effects were partly explained by socioeconomic status, negative health behaviours 
(smoking, physical inactivity, obesity) and prior chronic disease. In older age, the 
effects of social isolation on hypertension risk (OR = 2.42) even exceeded the effect 
of diabetes (OR = 1.49). The important point from this study is that social integra-
tion and embeddedness in social networks during adolescence may impact on meta-
bolic and cardiovascular functioning and contribute to health risks even before 
symptoms of disease emerge.

Findings from another study [41] revealed that both social isolation and loneli-
ness predict mortality over a 7-year follow-up period in 6500 older people from the 
English Longitudinal Study of Ageing. Absolute proportions of deaths (N = 918) 
were 21.9 vs. 12.3% for high- and low-average isolation groups, respectively, and 
19.2 vs. 13.0% in the high- and low-average loneliness groups, respectively. 
However, the association with the emotional experience of loneliness was shown to 
be largely accounted for by baseline mental and physical health, and control for 
loneliness did not reduce the hazard ratio for social isolation, leaving the authors to 
conclude that loneliness may not be the primary mechanism through which social 
isolation transmits its effects. Similar non-significant findings had been reported in 
an earlier study when controlling for baseline health, functional limitations and 
depression [42]. In the more recent research [41], the hazard ratio for mortality was 
1.50  in the high social isolation group, and adjustment for demographic factors, 
baseline health status and depression was associated with a reduced, although still 
significant, hazard ratio of 1.26. No sex differences were observed. The authors’ 
[41] discussion of their findings is illuminating, highlighting the important role of 
lifestyle factors and need for additional help to those who experience social isola-
tion to engage in positive health behaviours to help reduce risk of mortality.

It is noted that conflicting findings for the effects of social ties have also been 
reported. For instance, outcomes from the Melbourne Collaborative Cohort Study 
[43] reported that objective assessment of social connectedness—defined using 
questions on marital status, the number of people in the household, number of rela-
tives visiting each month, number of friends that could be visited without invitation 
and number of hours of social activity per week—was not associated with success-
ful ageing 12 years later. The authors concluded that while social connectedness 
may be related to the perception of ageing well, it does not help avoid common 
conditions associated with ageing. Successful ageing was defined as age 70 years or 
over and absence of diabetes, heart attack, coronary artery bypass graft surgery, 
angioplasty, stroke and cancer, impairment and perceived major difficulty with 
physical functioning and low risk of psychological distress. These conflicting 
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findings may reflect methodological differences associated with how social ties are 
defined and variable outcomes of interest for each study. In this case, the Melbourne 
Collaborative Cohort Study [43] explored quantitative aspects, rather than percep-
tions of social connectedness or the quality of the interactions. Other research has 
also demonstrated that social networks can have negative [44] as well as positive 
effects. This study investigated the spread of obesity through social ties over a 
32-year period in 12,067 people recruited as part of the Framingham Heart Study. It 
was reported that the chance of someone becoming obese increased by 37–56% if 
he or she had had a spouse, sibling, or friend who became obese, and these findings 
extended to three degrees of separation.

In summary, social ties appear to be an important contributor to health outcomes 
that may rival many of the traditional risk factors including smoking, alcohol con-
sumption and physical activity. While the epidemiological literature sheds light on 
the existence of associations, it is difficult to draw causal conclusions from this data. 
Therefore, the next important step is to understand how (i.e. mediation) and when 
(moderation) these associations might arise. In the next section, we shift our focus 
to potential mediators and moderators of the link between social ties and health, 
working towards a sophisticated model that might provide a foundation for future 
research activities.

3  Potential Mechanisms

Social ties may impact on health outcomes through variety of tightly intertwined 
behavioural, psychological and physiological mechanisms (Fig. 2).

Social ties will influence whether individuals exercise, eat healthy food, smoke, 
consume alcohol and use illicit drugs through social control and influence. In 1897, 
Emile Durkheim proposed that social integration and widely held norms function to 
regulate behaviour including the tendency for suicide [54]. More recent social capi-
tal [55] and social cognitive [45] theories provide further theoretical context for 
understanding how individuals, their relationships with others and the communities 
in which they belong influence health behaviour. Positive social ties will promote 
healthy behaviours and reduce risky behaviours subsequently contributing to good 
health. In fact, it has been argued that if the benefits of positive health behaviours 
were able to be compressed into a single pill, this achievement would be declared a 
milestone in the field of medicine [45]. However, negative social ties may lead to 
risky behaviours (e.g. smoking, alcohol abuse, drug use) with subsequent impacts 
on wellbeing. (See [46] for a review on the complex interrelationships between 
social ties and health behaviours.) These negative social ties have even been shown 
to extend to the spread of obesity [44] such that weight gain in one person is associ-
ated with weight gain in friends, siblings, spouse and neighbours. The authors point 
to the social nature of these associations, concluding that the perception of social 
norms regarding the acceptability of obesity may have contributed to the findings. 
Intriguingly, the authors further suggest that network phenomena might be exploited 
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to spread positive health behaviours. While there has been significant debate over 
the extent to which individuals are able to achieve certain health outcomes, academ-
ics [45, 55] emphasize the need for a combination of individualist and structuralist 
approaches to health promotion, involving a focus on individual self-efficacy in 
combination with sociostructural factors that impact on one’s capacity to achieve 
health goals.

Psychological factors such as personality and attachment styles may mould the 
social environment, which may, over time, have effects on health outcomes. Findings 
from the Terman life-cycle study [6, 47] have pinpointed conscientiousness as 
the most important personality trait linked to longevity, and individuals with low 
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• Social support
• Social integration
• Perceptions of social 

connectedness, 
loneliness

Behavioural mechanisms

• Healthy behaviours
• Unhealthy behaviours
• Adherence to medical 

regimens
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Mechanisms

• Appraisal
• Emotions & moods
• Personality
• Attachment
• Self-efficacy
• Optimism
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• Cardiovascular
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• Immune

Wellbeing & Health
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• Mental health
• Illness & Disease
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Fig. 2 Summary of pathways that have been proposed to mediate or moderate the link between 
social ties, health and wellbeing. The influence of sociostructural factors over these pathways is 
denoted by the grey box overlay, emphasizing that the health of individuals is not achieved within 
a vacuum, but within community ecosystems. This figure summarizes the mechanisms identified 
in previously published reviews on this topic [6, 45–53]. While the arrows are unidirectional, it is 
likely that pathways are bidirectional, reflecting the possibility that proposed mechanisms and 
some outcome measures of health and wellbeing will themselves impact on social ties (see Fig. 4). 
Past research has been limited by simplistic models (e.g. positive social ties → health), highlight-
ing a need for more sophisticated models (Fig. 4) that consider the complexity of interrelationships 
between various proposed mechanisms (in this figure)

A.H. Kemp et al.

 121



405

conscientiousness as well as high neuroticism might be at especially high risk due 
to impulsivity, disorganization, anxiety and high emotionality [6] (see also [56]). 
Personality factors have also been demonstrated to account for as much as 63% of 
the variance in subjective wellbeing [57]. Other research [58] has demonstrated that 
only conscientiousness is related to mortality risk across seven different cohorts 
including the British Household Panel Survey, 2006–2009; the German Socio- 
Economic Panel Study, 2005–2010; the Household, Income and Labour Dynamics 
in Australia Survey, 2006–2010; the US Health and Retirement Study, 2006–2010; 
the Midlife in the United States Study, 1995–2004; and the Wisconsin Longitudinal 
Study’s graduate and sibling samples, 1993–2009. Individuals in the lowest tertile 
of conscientiousness were shown to have a 1.4 times higher risk of death compared 
to those in the top two tertiles, and this association was robust to adjustment for 
health behaviours, marital status and education.

Individual attachment styles (a dyadic characteristic) are also linked to health 
outcomes [48]: secure attachment is associated with wellbeing and mental health 
[59], while insecure attachment predicts inflammatory illnesses 30 years later [60]. 
Attachment theory [61–63] has made important contributions to understanding how 
early life experiences may shape the development of personality—an individual 
characteristic—and how adults perceive and react during various types of social 
encounters (see [64]). Attachment styles have been shown to influence close rela-
tionships as well as interactions with unknown people, perhaps underpinned by its 
effects on psychological moments [59, 65]. Attachment styles can be divided into 
two main categories: secure and insecure attachments. A secure attachment style 
develops when the primary caregiver provides a secure base for the infant and 
responds consistently to restore emotional balance in times of distress. In contrast, 
an insecure attachment style will emerge if attachment figures are repeatedly expe-
rienced as unresponsive or inconsistent in their responses in times of need and stress. 
Further subdivisions of unsecure attachments include anxious and avoidant attach-
ment styles. Avoidant attachment can be experienced when proximity seeking to the 
primary caregiver is perceived as pointless or even dangerous because of the distress 
caused when proximity seeking fails. Anxious attachment styles occur when a per-
ceived failure to handle threats independently encourages the infant to seek support 
despite the fact that attachment figures are experienced as inconsistent.

The impact of stress will be mediated by these psychological factors, consistent 
with the transactional model of stress and coping [66]. While perceptions of risk 
may lead to the initiation of various coping mechanisms, it may also lead to psycho-
logical distress and adverse health outcomes [67]. Research [68] demonstrates that 
attachment styles influence momentary affective states, cognitive appraisals and 
social functioning. Compared with securely attached individuals, individuals with 
anxious attachment reported higher negative affect, stress and perceived social 
rejection. Individuals with an avoidant attachment style reported decreased positive 
states and a decreased desire to be with others when alone. The appraisal of situa-
tions as stressful will have subsequent downstream effects that will then impact on 
health outcomes, increasing mortality risk two- to threefold among middle-aged 
men and women aged 36–52 years [69]. Similarly, other research [70] has shown 
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that psychological distress increases risk for mortality from all causes, cardiovascu-
lar disease and external causes, even in those who do not come to the attention of 
mental health services. Furthermore, individuals who report a high degree of stress 
and a belief that stress is harmful have a 43% increased risk of premature death [67].

Physiological stress responses and the capacity to regulate these responses play 
a mediating role in pathways to health and wellbeing. Social isolation, low social 
support and negative social ties lead to chronic activation of immune, neuroendo-
crine and metabolic systems, increasing risk of cardiovascular disease [71, 72]. In 
rodents, social defeat—characterized by repeated physical attacks and declaration 
of subordination by the non-dominant animal—has considerable behavioural and 
physiological impacts. In the short term (minutes to hours), defeat produces vagal 
withdrawal, tachycardia, hypertension, elevated levels of glucocorticoids and cate-
cholamines and reduced concentrations of testosterone [73, 74]. Over the longer 
term (days and weeks), lasting changes in behaviour (anxiety), hypothalamic- 
pituitary- adrenocortical axis activity (increased) and neurotransmitter systems are 
observed [74]. In fact, chronic psychosocial stress including threat of physical 
attack and daily episodes of aggression by a dominant male over a period of 2 weeks 
led to structural damage at the level of the heart (fibrotic tissue accumulation) [75]. 
While acute stress responses were observed to habituate over time, repeated epi-
sodes of social defeat led to a sixfold larger amount of reparative tissue, increasing 
susceptibility to cardiac arrhythmias. These findings suggest that despite short-term 
adaptations to stress, chronic psychosocial stress will lead to multisystemic over-
stimulation (or ‘allostatic load’), contributing to permanent pathological alterations 
[74, 76]. In humans, lasting social conflict increases the chance of getting a cold 
after exposure to a common cold virus [77], and risk of inflammation caused by 
social isolation is of similar magnitude to the risk associated with physical inactivity 
[40]. By contrast, social connectedness and support are associated with positive 
affect, which might be associated with lower heart rate, higher rate variability, blood 
pressure and inflammatory markers, which benefit health [78]. Social integration 
has also been found to decrease risk of physiological dysregulation in a dose- 
response manner [40]. Further research indicates that the vagus nerve—indexed by 
heart rate variability (or HRV)—may play a causal regulatory role over our psycho-
logical moments (Figs. 3 and 4).

Two neurobiological models have been proposed that help to understand the link 
between psychological and physiological factors. These models include polyvagal 
theory [79–82] and the neurovisceral integration model [83–86], the major features 
of which are summarized in Fig. 3. Increased function within prefrontal-vagal path-
ways supports prosocial behaviour and positive emotions, while decreased function 
facilitates response to environmental change, fight-flight-or-freeze responses and 
negative emotions. Increased function along prefrontal-vagal pathways is driven by 
cortical inhibition of the central nucleus of the amygdala (CeA), which then acti-
vates the vagus nerve within the nucleus ambiguous (increasing HRV) and facili-
tates socially engaging facial expressions and positive social interactions. The 
nucleus tractus solitarius within the medulla oblongata receives vagal afferent feed-
back from the viscera and internal milieu, and this information is then directed to 
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cortical structures responsible for the top-down, flexible regulation of psychological 
moments (Fig. 3, black arrows). By contrast, decreased function along prefrontal- 
vagal pathways is associated with responsiveness to environmental challenge (e.g. 
orienting) and withdrawal from the environment (e.g. fear, anxiety). Decreased 
function is driven by disinhibition of CeA (the major efferent source for modulation 
of cardiovascular, autonomic and endocrine responses) and vagal withdrawal, trig-
gering fight-flight-or-freeze responses. Again, information relating to the status of 
the viscera and internal milieu are fed back to the nucleus of solitary tract and the 
cortex, allowing for subsequent regulation of psychological moments (Fig. 3, grey 
arrows).

Brain development is influenced by a child’s early social environment. Limbic 
regions are in a critical period of growth in the first 2 years, and these same neuro-
biological structures will mediate stress-coping capacities for the rest of the life 

Cortical structures

Central nucleus of the 
amygdala

Nucleus 
Ambiguus

Vagal outflow & 
connections with other 

cranial nerves

Vagal withdrawal 
indexed by ↓ HRV

Nucleus Tractus Solitarius
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function indexed by 
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Response to 
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Social 
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Fig. 3 Neurobiological components and associated behaviours that contribute to a psychological 
moment. A prominent role is given to the vagus nerve within an integrated brain-body network that 
either facilitates engagement with others (black arrows) or supports rapid whole-body response to 
environmental challenge (grey arrows). The arrows represent both efferent projections from the 
brain, contributing to rapid alterations in vagal function and related behavioural responses, as well 
as afferent feedback from peripheral end organs allowing for effective regulation of ongoing pro-
cessing. These bidirectional pathways from and to the brain provide a psychophysiological frame-
work through which psychological moments reciprocally and prospectively contribute to 
alterations in vagal function (e.g. mutual causation between emotional experience and vagal func-
tion). Afferent projections also provide a theoretical basis through which many behavioural inter-
ventions such as massage, exercise, meditation, yoga and HRV biofeedback may be understood
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span [87]. Recent neuroimaging work has explored neuroanatomical differences 
underpinning different attachment styles in adulthood and how this may influence 
social and emotional processing (see [88] for a review). Secure and insecure attach-
ment styles may differentially recruit functional brain networks for interacting with 
others. According to a functional neuroanatomical model? of adult attachment style 
on social processes [88], two neural compartments mediate automatic affective 
evaluations versus more controlled cognitive processes. These include systems for 
(1) rapid, automatic affective appraisals (emotional mentalization), which is 
 primarily involved in encoding basic dimensions of safety versus threat or approach 
versus aversion tendencies in social contexts, and (2) controlled social processing 
and regulation (cognitive mentalization), operating in a more conscious, voluntary 
mode, which is involved in representing the mental states of others and regulating 
one’s own behaviour, thoughts and emotions. These two functional components rely 
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Fig. 4 The GENIAL model: genomics-environment-vagus nerve-social interaction-allostatic 
regulation-longevity. The GENIAL model is a simplified yet sophisticated model for better under-
standing pathways to premature mortality or longevity, drawing on evidence from multiple disci-
plines, highlighting important mediating roles for vagal nerve function and social ties. In this 
model, vagal nerve function impacts on and is influenced by social ties and regulates a variety of 
allostatic mechanisms leading to either premature mortality or longevity. Vagal function provides 
a structural link between psychological moments and physiological processes. Illness and disease 
(and wellbeing) will further impact on vagal function in a downward (upward) self-sustaining 
spiral. Health behaviours and sociostructural factors represent important moderators of the path-
ways to health and wellbeing. Temperament (denoted by the light grey overlay) is a lens though 
which the world is viewed and a foundation on which psychological moments arise
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on distinct brain networks [81, 89, 90], which involve limbic cortico-subcortical 
areas (e.g. amygdala, striatum, insula, cingulate, hippocampus) for affective evalu-
ations and fronto-temporal areas (e.g. medial prefrontal cortex, orbitofrontal cortex, 
superior temporal sulcus, temporo-parietal junction) for cognitive mentalization 
and regulation. Importantly, these components may entertain a reciprocal dynamic 
balance between each other. The model argues that specific attachment styles, emo-
tions, and behavioural responses are associated with the differential recruitment of 
these components.

Social engagement can only occur when the environment is perceived as safe and 
defensive circuits are inhibited. Therefore, an insecure attachment style—associ-
ated with impairments in vagal function [91]—will adversely impact the extent to 
which successful social engagement can occur. Vagal impairment will subsequently 
impact the degree to which downstream pathways are able to be regulated, having 
implications for health outcomes. There is increasing evidence for a regulatory role 
of the vagus nerve over downstream pathways (Fig. 4). Recent studies [92, 93] have 
demonstrated that chronically administered vagal nerve stimulation (VNS) may 
trigger beneficial effects, and these were even observed in obese insulin-resistant 
rats fed with a high-fat diet for 12 weeks. The authors reported that VNS decreased 
plasma insulin, insulin resistance, total cholesterol, triglyceride, LDL and visceral 
fat [93], relative to controls. VNS also decreased blood pressure, increased HRV 
and improved left ventricular function [93]. Finally, VNS exerted antioxidant, anti- 
apoptosis and anti-inflammation properties. In another study by these authors [92], 
VNS attenuated brain mitochondrial dysfunction, improved brain insulin sensitiv-
ity, decreased cell apoptosis and increased dendritic spine density, leading to 
improved cognitive function. These studies lend support to data from humans dem-
onstrating that lower vagal function predicts elevated systemic inflammation—
indexed by C-reactive protein—4 years later [94]. Other research has explored the 
pathways that might mediate the association between HRV and cognitive impair-
ment [95], an important and relevant investigation considering that some research-
ers consider cognitive function to be an important component of wellbeing [6]. 
While past studies had suggested that the vagus nerve might regulate downstream 
pathways that could then impact on cognitive function, no prior study had investi-
gated this possibility. Findings indicated that reduced vagal function was associated 
with increased insulin resistance—a feature of type II diabetes characterized by 
poor regulation of glucose in the body—leading to a thickening of the carotid arter-
ies (higher intima-media thickness) and cognitive dysfunction [95]. These findings 
were further supported in five separate sensitivity and specificity analyses. It was 
concluded [95] that vagal function might provide a ‘spark’ that initiates a cascade of 
adverse downstream effects subsequently leading to cognitive impairment.

Common genetic variants have also been shown to impact on the social brain, 
which may have downstream effects on biological processes that contribute to dis-
ease and mortality. The gene coding for the oxytocin receptor (OXTR) has been 
shown to play an important role in contributing to individual differences in social 
behaviour and cognition [96, 97]. For example, the G allele of the single nucleotide 
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polymorphism (rs53576) located in the OXTR has been shown to be associated with 
higher pro-sociality in nonverbal displays, as judged by outside observers’ ratings 
of silent behaviour [98]. By contrast, carriers of the OXTR rs53576 A allele have 
been shown to display lower levels of sensitive responsiveness to their toddlers [99], 
empathy [100] and positive affect [101]. In fact, haplotypes constructed with three 
polymorphisms of the OXTR (rs53576, rs2254298 and rs2228485) are associated 
with positive affect, negative affect and loneliness [101]. Others [102] have reported 
that the rs53576 polymorphism is essential for the stress buffering effects of social 
connectedness, such that those participants with at least one copy of the rs53576 G 
allele display higher HRV when social support is provided during the Trier Social 
Stress Test, a standardized, laboratory-based assessment of psychological stress. 
Recent research [103] has further demonstrated that while variation in three neuro-
peptide receptor genes (oxytocin, β-endorphin and dopamine) display important 
associations with sociality, endorphins and dopamine may have a much wider spec-
trum of effects than oxytocin. Furthermore, β-endorphin has been shown to operate 
effectively at dyadic and group levels [104–106] because its release can be triggered 
in others by touch, unlike oxytocin [103, 106].

Research in the field of epigenetics has further demonstrated how life experi-
ences can be written into DNA. For instance, some mother rats spend considerable 
time licking and grooming (LG) their pups, while others do not. Offspring of moth-
ers that show high levels of LG show differences in DNA methylation (one of sev-
eral epigenetic mechanisms that cells use to control gene expression), as compared 
to offspring of low LG mothers [107]. As adults, these rats displayed stress responses 
that were dependent on amount of LG. Specifically, rats that received the most LG 
had an optimal response to stress, while those that had received less LG displayed 
an exaggerated stress response. This work demonstrated that the epigenomic state 
of a gene can be established through behavioural programming. A decade of research 
now shows that LG is translated into biochemical signals that enter the DNA and 
programme it differently, allowing the animal to equip itself for life and the environ-
ment. While caution is required over linking LG reactions in rats to high-quality 
mother-infant interactions in humans, evidence in humans [108, 109] supports the 
conclusion that maternal stress leads to lasting, broad and functionally organized 
DNA methylation signatures in offspring, which may be linked to internalizing and 
externalizing disorders [110], lower cognitive and language abilities [111] and 
increased risk for metabolic disease [112, 113]. These findings demonstrate the 
adverse effects that early life experience may have on health or disease.

In summary, a host of mechanisms have been proposed to influence the pathways 
to health outcomes, and community ecosystems may either facilitate or impede 
engagement in health behaviours. While a variety of behavioural, psychological and 
physiological mechanisms have been proposed, research is typically characterized 
by a restricted focus on simple models involving single mediators or moderators in 
isolation. Recognizing this issue, recent reviews [6, 49] have highlighted a need for 
sophisticated models that take into account the complex pathways between social 
ties and health outcomes. This is our goal for the next section.
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4  A Model and Foundation for Future Research Activity

To find a solution, we need a new way
of understanding the problem.
Robert Maunder & Jonathan Hunter (2015),
Love, Fear and Health

Heeding calls for more sophisticated models [6, 49], this section of our book 
chapter makes an important contribution to the literature by bridging the gap from 
psychology through to epidemiology [114–116] and laying a foundation for future 
research activity. We propose the GENIAL model for pathways to wellbeing and 
longevity, a comprehensive model spanning genomics and its interaction with the 
environment through to health outcomes, highlighting a major regulatory role for 
the vagus nerve over social interaction and allostatic regulation, subsequently lead-
ing to premature mortality or longevity (Fig. 4). Four key features of our model are 
worth emphasizing. First, vagal function (indexed by HRV) plays a key regulatory 
role over pathways leading to either premature mortality or longevity [114]. Second, 
vagal function will influence our psychological moments, cognitive functions, psy-
chological flexibility to environmental change and capacity to engage with others 
[82, 84, 114, 117] and plays a critical regulatory role over allostatic systems [76], 
providing a structural link between mental wellbeing and physical health. We fur-
ther propose that individual differences in resting vagal function will influence 
capacity for regulating psychological and physiological mechanisms (discussed fur-
ther below). Third, social ties are supported by and impact on vagal function, con-
sistent with polyvagal theory [82] and the proposal that positive (negative) emotions 
and vagal function influence one another in an upward (downward)-spiral dynamic 
[25, 30, 118]. Fourth, sociostructural factors within community ecosystems will 
either facilitate or impede health behaviour [45, 50, 51], subsequently impacting on 
vagal nerve function [25, 30, 82, 118]. Positive health behaviours, as well as 
unhealthy behaviours, will also be influenced by social ties directly [45, 54, 55].

At the top of the model (Fig. 4), genomics and interactions with the environment 
are proposed to play an important role in influencing individual variability in vagal 
function. Nurture and nature can no longer be regarded as discretely separate issues. 
Genetic susceptibilities are activated by environmental influences, a phenomenon 
labelled as the gene by environment interaction, and advances in epigenetics dem-
onstrate how such interactions can shape health outcomes. Although research on the 
genomics of human wellbeing is in its infancy, there are several studies [22, 23, 119] 
that have laid a foundation for future research in this area. Extended periods of 
stress and threat may increase expression of inflammatory genes, preparing the 
immunity system for a potential wound-related bacterial infection derived from 
social conflict. By contrast, positive socialization is hypothesized to increase tran-
scriptional levels of antiviral-related genes, protecting the immune system against 
potential viral infections derived from increases in social interaction with other 
members of the species [120]. While controversial [26, 121, 122] (but see [123]), 
this research lays a preliminary framework through which genomics will impact on 
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downstream processes, including the vagus nerve (see Fig. 4), which plays a key 
role in regulating the immune system [124–126], amongst others. A recent genome- 
wide association study on data from 59 cohorts (n = 298,420) [119] identified three 
genetic loci that were associated with subjective wellbeing, defined by positive 
emotions and life satisfaction. Biological analyses revealed associations with anxi-
ety disorders (ill-being) but only small genetic correlations with physical health 
phenotypes, including BMI, ever-smoker status, coronary artery disease and fasting 
glucose levels and triglyceride levels, further highlighting the need for more sophis-
ticated models of pathways to health and wellbeing, as we present here. The con-
struct of wellbeing in this study may have also contributed to the lack of associations 
with physical health.

Our model emphasizes a critical role for the vagus nerve because it is responsible 
for the regulation of a host of psychological and physiological processes that impact 
on social ties, health and wellbeing and vice versa. Several studies have demon-
strated that nasal administration of oxytocin may augment vagal function [127, 
128], reflecting an enhanced capacity for social approach and engagement [127]. 
These results together with genetic findings discussed above suggest that neuropep-
tides involved in social bonding—such as oxytocin, β-endorphin and dopamine—
may drive individual differences in vagal function, which then allow (or restrict) 
individuals from engaging in and maintaining social ties. These ideas are supported 
by other research [25, 30, 118] demonstrating that loving-kindness meditation leads 
to increased positive emotions, an effect moderated by baseline vagal activity. 
Results further indicated that increases in positive emotion led to further increases 
in vagal activity, a finding that was mediated by the perception of greater social con-
nections. A simple model was proposed through which positive emotions might 
build physical health, an idea further developed here. The model put forward by 
these authors [25, 30, 118] suggests that associations between positive emotions and 
social ties might both drive and be supported by vagal function, representing a self- 
sustaining upward-spiral dynamic. We suggest that there may also be a bidirectional 
relationship between vagal tone and negative emotion, and this mutual causation 
may contribute to a self-sustaining, downward spiral that leads to illness, disease 
and premature mortality. Reductions in vagal tone have been shown to precede 
affective disorder [129], and these reductions [130–133] are not ameliorated by 
antidepressant treatment [130, 131] or even transcranial direct current stimulation 
[132], despite amelioration of symptoms.

Typically, research findings are interpreted from the vantage point of one’s own 
discipline, a phenomenon known as the disciplinary dilemma. In the current book 
chapter, we have sought to build on past work by bridging the gap between parallel 
lines of evidence from different fields of research. The vagus nerve is known to play 
an important role in maintaining homeostasis and achieving stability through 
change, a process known as ‘allostasis’. The vagus plays an important role in regu-
lating allostasis, yet past models tend to overlook this contribution. Multiple body 
systems are regulated by prefrontal-vagus pathways including the sympathetic ner-
vous system and hypothalamic-pituitary-adrenal axis [82], inflammatory pathways 
[125, 126] and metabolism including glucose regulation [134, 135]. The vagus 
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nerve may also stimulate neurogenesis by regulating the expression of brain-derived 
neurotrophic factor (BDNF) [136, 137], a key molecule involved in the regulation 
of metabolic efficiency, eating behaviour, synaptic plasticity and learning and mem-
ory [138]. These alterations may contribute to improvements in cognitive function 
and mood observed with vagal nerve stimulation [139, 140]. It has even been sug-
gested that the vagus might lead to sustainable epigenetic modifications [141]. Diet 
and exercise have substantial anti-ageing effects, effects that may be mediated by 
afferent projections of the vagus ([115, 142], see [143]), and research is beginning 
to demonstrate that these positive health behaviours can alter the epigenome that 
may then stabilize and become inherited (see [144] for review). Vagal function may 
therefore regulate (or fail to regulate) allostasis through various, complementary 
psychological and physiological mechanisms. The first of these is a generalized 
inhibitory function of prefrontal-vagal pathways that serve to ‘sculpt’ goal-directed 
behaviour [84], enabling the individual to better respond to environmental change, 
facilitating effective regulation of allostasis [145]. Julian Thayer’s neurovisceral 
integration model emphasizes a tightly integrated brain-body network regulated by 
prefrontal-vagal pathways [83, 84, 86]. The second potential mechanism is the role 
of vagus in stabilizing physiological arousal leading to improved allostatic regula-
tion. According to Stephen Porges’ polyvagal theory [82], the myelinated vagus 
nerve in combination with the cranial nerves support social engagement, providing 
a ‘vagal brake’ over the phylogenetically older sympathetic nervous system and 
unmyelinated vagus nerve. Further to this, Jos Brosschot recently published a psy-
chological model of ‘generalized unsafety’ [116], in which he argues that stress is a 
default physiological response (characterized by low HRV) that must be turned off, 
rather than a physiological response elicited by some trigger. Being part of a cohe-
sive social network is proposed to be a critical safety signal that turns off this default, 
physiological stress response. The third mechanism through which vagal function 
regulates allostasis is the cholinergic anti-inflammatory reflex [125, 126, 135, 146]. 
According to Kevin Tracey’s model, the vagal nerve controls immune function and 
pro-inflammatory responses such that the afferent vagus nerve is involved in the 
detection of cytokines and pathogen-derived products, while the efferent vagus is 
responsible for the regulation and control of cytokine release. In summary, impair-
ment in vagal function will lead to chronic activation of the stress response and 
overstimulation of allostatic systems [‘allostatic load’ [70]]. Dysregulation of allo-
static systems will subsequently lead to ill health from a host of conditions and 
diseases including disability, prolonged infection, delayed wound healing, obesity, 
diabetes, atherosclerosis, osteoporosis, arthritis, frailty, Alzheimer’s disease, peri-
odontal disease and cancer [114, 115, 147, 148].

The model we propose here bridges a very large gap from psychology to epide-
miology, illustrating an intimate link between psychological factors, health and 
wellbeing (see [149]). Pathways to health and wellbeing are dependent on genetic 
and environmental factors that directly influence vagal function, supporting the 
capacity for social engagement and promoting effective regulation of allostatic sys-
tems, leading to resilience, psychological wellbeing and longevity, or, if dysregu-
lated, psychiatric illness, physical disease and premature mortality. The model is 
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obviously a simplification of reality but provides a foundation on which future 
research on pathways to health and wellbeing could be developed. Bidirectional 
pathways that feedback on vagal function, psychological factors, and social rela-
tionships are also recognized. In this regard, those with chronic conditions will have 
lower vagal function that will impact on capacity for social engagement, which will 
then limit one’s capacity for social integration, leading to further social isolation. It 
is possible, therefore, that those who would benefit the most from the effects of 
positive relationships will have fewer opportunities to experience them, leading to a 
downward spiral of negative emotions, social isolation, loneliness and ill health. 
These considerations highlight opportunities for improving the lives of people liv-
ing with chronic conditions.

In summary, the GENIAL model is novel for at least five reasons:

First, vagal function is characterized as a major regulator and driver of health and 
wellbeing outcomes including longevity. By contrast, the field typically presents 
vagal function as one of many time-limited biomarkers that naturally fluctuate as 
the body maintains homeostasis (e.g. [6]).

Second, we build on prior research emphasizing single mechanisms such as genom-
ics [23, 150], vagal tone [25, 30, 118] and personality [6] by accounting for the 
complexity and interactions between behaviour, psychological and physiological 
mechanisms and the influence of sociostructural factors.

Third, by adding in vagal function as an upstream regulator of pathways to wellbe-
ing and longevity, we build on earlier systemic models of health and disease such 
as the allostasis model [76], immune dysregulation theory [151] and the causal 
network model linking depression and coronary heart disease [152].

Fourth, our model establishes a much-needed bridge between psychology and epi-
demiology, linking psychological factors to wellbeing (or illness and disease), 
contributing to longevity (or premature mortality).

Fifth, our model combines individualist and structuralist approaches [45] to under-
standing health and wellbeing over the life course, thereby placing the health of 
individuals within the context of community ecosystems. While our model is obvi-
ously a simplification of reality, the statistician George Box explains: ‘Essentially, 
all models are wrong, but some are useful’ [153].

5  Discussion and Conclusions

Humanity is facing major challenges and uncertainty, highlighting an urgent need 
for social harmony, unity and understanding. Nevertheless, social relations are 
increasingly strained, fractious and disconnected. Cultural shifts towards greater 
individualism and rapidly advancing technologies have led to an inflated sense of 
self and cultural narcissism [154]. Society has become isolating, homeowners dis-
trusting, and people are dying lonely deaths that remain undiscovered for long peri-
ods of time, a phenomenon the Japanese call ‘kodokushi’. In the United Kingdom, 
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more than a quarter of all households in 2016 include people living alone, increas-
ing by 51% in those aged 45–64 years between 1996 and 2016 [155]. Similar find-
ings have been reported for the United States, according to the US Census Bureau 
[156]. Strikingly, more than a third of homeowners think that their immediate 
neighbours cannot be trusted [157]. Findings from the European Quality of Life 
Survey (2011/2012) indicated that around 1 in 10 people (11%) report feeling lonely 
all, most, or more than half of the time and that just over a third of people surveyed 
wished they could spend more time with family and have more social contacts [157, 
158]. Astonishingly, other research indicates that around three in five teenagers 
(62%) report feeling lonely [159], increasing risk for mental ill health and other 
problems. Loneliness is associated with generalized distress, especially interper-
sonal sensitivity (low self-esteem) [160] and depression [161], and psychological 
distress has been shown to increase risk for all-cause mortality over an 8-year fol-
low- up period [70]. In fact loneliness may increase risk for mortality to such an 
extent that it is equivalent to smoking 15 cigarettes a day [38]. Loneliness may lead 
to affective disorders (including major depression and anxiety disorders), which 
may reduce life expectancy by up to 18 years, an effect that is even greater than 
heavy smoking [162]. It is not surprising therefore that mental health problems 
represent the largest single source of world economic burden attributable to non- 
communicable disease [163, 164]. The burden of mental health problems cost the 
UK economy an estimated £70  billion (or 4.5% of the gross domestic product) 
through direct costs associated with health and social services and indirect costs 
associated with reductions in workforce productivity [165]. A contributor to this 
problem is the substantial mental health treatment gap and lag. The first refers to the 
numbers of people who need treatment that are not receiving it, which exceeds 50% 
in all countries of the world and reaches 90% in those with less resources [166]. The 
amount of time taken to receive care when it does exist—treatment lag—is esti-
mated to be as long as 10 years [167]. These astonishing figures present significant 
challenges to health-care systems, and one wonders whether policy-makers and 
health-care providers are sufficiently prepared to cope with the predicted rise in the 
prevalence of disability and chronic disease associated with ageing of populations 
globally. So how might scientific research impact on this current state of affairs?

In 2010, the World Psychiatric Association carried out a systematic survey of 
leaders of psychiatry in nearly 60 countries on the strategies needed to reduce the 
treatment gap and lag in relation to mental health, neurological conditions and 
 substance abuse disorders [166]. Three broad themes emerged: first, numbers of psy-
chiatrists and other mental health professionals must increase; second, greater 
involvement by non-specialist providers is needed; and third, service users and their 
family members must be empowered to actively participate in service planning and 
delivery. The second and third of these themes may be facilitated through a strategy 
known as ‘task shifting’, involving the delegation of health care—where appropri-
ate—to less specialized health workers. By reorganizing the workforce in this way, 
task shifting can make more efficient use of the limited numbers of mental health 
professionals that are available. Task shifting to non-specialist health workers has 
been shown to be a cost-effective way of improving outcomes for people with mental 
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health disorders as long as there is supervision and support from health-care profes-
sionals [168]. Social prescribing is another innovative and complementary approach 
to managing and addressing treatment gap and lag. Social prescribing aims to pro-
mote the use of the voluntary sector within health-care settings by creating referral 
pathways that allow primary health-care patients with non-clinical needs to be 
directed to local voluntary services and community groups in addition to having their 
medical needs met. The substantial gap and lag in treatment are societal problems, 
and societal solutions including task shifting and social prescribing align well with 
mounting evidence (reviewed above) on the associations between social ties and 
health outcomes and the way in which these associations are mediated. For example, 
task shifting looks to local communities and its initiatives to support people with 
chronic conditions, facilitating positive health outcomes. Social prescribing involves 
health-care professionals prescribing community engagement in addition to lifestyle 
advice, psychological therapies and medication. However, for these solutions to be 
successful, better links need to be created between community organizations, the 
health-care sector and academia. This may allow the construction of appropriate 
social that will then facilitate evidence-based individual pathways to health and well-
being. Such initiatives require vigorous empirical evaluation through strategic uni-
versity partnerships.

Health and wellbeing do not automatically emerge once ‘the swamps of suffer-
ing are drained’ [169]. Therefore, the domain of positive psychology has much to 
offer those wondering how the treatment gap and lag might be managed. Positive 
psychology refers to the scientific study of human flourishing and an applied 
approach to enabling individuals, communities and organizations to thrive [170, 
171]. We now know that the influence of life circumstances is far less than what 
might be expected, highlighting opportunities for targeted intervention. Wellbeing 
is determined by three factors [172]: a genetically determined set point, intentional 
activity and circumstantial factors according to a 50-40-10 formula. While genetics 
accounts for approximately 50% of the population variation in happiness, life cir-
cumstances only make a small contribution, around 10%. The important point here 
is that intentional activities contribute remaining variance—in the order of 40%—
providing considerable opportunities for increasing wellbeing through structured 
activities such as engagement in positive interventions [173]. Social ties clearly 
make an important contribution to wellbeing, through social support, social integra-
tion as well as perceptions of social connectedness and loneliness. In the current 
chapter, we have emphasized how social ties and engagement with others might 
contribute to increased wellbeing, through a host of closely intertwined mecha-
nisms within community ecosystems (see Fig. 4).

The focus of positive psychology on what makes life worth living is beginning to 
impact on community initiatives to improve the quality of life in neighbourhoods and 
cities. Here are some examples that emphasize a key role for social ties and positive 
relationships with others for transitioning to a better world. The first example—the 
Transition Network (http://www.transitionnetwork.org)—is a community-led move-
ment that seeks to address some of the world’s biggest challenges (such as economic 
decline, social inequality and climate change) by connecting with ourselves, others 
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and the natural world while developing and promoting positive possibilities such as 
urban food markets, community energy projects and local currencies such as the 
Brixton Pound. Another example is the ‘Happy City Initiative’ (http://www.happyc-
ity.org.uk), which aims to enhance community wellbeing through cultural and coop-
erative activities that extend beyond economic progress. Central to this initiative is 
the quality of relationships with others, in addition to supportive and active commu-
nities and the availability of opportunities for meaningful engagement with others. 
Yet another example is the ‘Down to Earth Project’ (http://www.downtoearthproject.
org.uk), which aims to improve people’s lives through outdoor communitarian activ-
ities and wellbeing programmes. Anecdotally, we have seen the lives of those with 
acquired brain injury transformed by engaging in outdoor activities such as the 
‘Building Community’ project, which involves building sustainable facilities for 
future community activities. Further examples include the Action for Happiness ini-
tiative, which involves delivering training packages based on positive psychology 
and disseminating skills to communities (http://www.actionforhappiness.org) and 
social prescription of nature-based interventions [174, 175]. While it remains to be 
seen whether these community-based initiatives will succeed over the long term and 
the extent to which health and wellbeing is improved in the process, programmes 
like these have great potential for transformative change.

The epidemiological transition to non-communicable disease including mental 
ill health, diabetes, obesity and cardiovascular disease is now the dominant source 
of disease burden. Chronic disease has replaced acute (and communicable) disease 
as leading burdens of morbidity, mortality and health-care expenditures [168, 176–
182]. However, our models of health care have not adapted to reflect these changes. 
The traditional approach to health care is the ‘acute medical model’, which involves 
the passive receipt of care. The assumptions underpinning this model is that illness 
is likely to be short-lived, and thus the aim of care is ‘cure’ and ‘return to a pre- 
illness state of health’ [183]. Although the acute care model is extremely important 
and is responsible for the saving of many lives, it does not provide an effective 
model for chronic care. Chronic disease is different [168] to acute disease as cure is 
usually not possible. Treatment outcomes for people with chronic conditions are 
contingent on an effective collaboration between clinician and patient, for example, 
encouraging patient adherence to treatment regimens and adoption of recommended 
lifestyle changes, among others. Thus, patients are no longer passive recipients of 
care but need to be active and equal partners in the management of their chronic 
disease. The acute medical model is further limited by a narrow definition of ‘health’ 
that is focused on illness or impairment, rather than flourishing.

Researchers [51] have argued that a complete understanding of social ties and 
their associated health outcomes will only be achieved through a more holistic 
approach to community health by defining communities as ‘human ecological sys-
tems’. (Readers may be interested in looking at the work of Nicholas A. Christakis 
in particular, who focuses on how social networks impact on health and wellbeing.) 
The structure and organization of communities have important implications for 
community health, especially sociostructural factors (Fig. 4). An increasing body of 
work has examined the health of individuals and populations within the context of 
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community ecosystems. For instance, a recent study [184] reporting on associations 
between psychological language that is used on the Twitter platform and county- 
level heart disease mortality argued that tweets of younger adults may disclose char-
acteristics of their community, reflecting the physical and social environments that 
influence the health behaviours and stress experiences of their residents. This study 
[184] examined associations between 148  million county-mapped tweets across 
1347 counties and county-level, age-adjusted mortality rates for atherosclerotic 
heart disease obtained from the Centers of Disease Control and Prevention. Patterns 
reflecting negative social ties, disengagement, and negative emotions emerged as 
risk factors, while positive emotions and psychological engagement emerged as 
protective factors. Intriguingly, the authors reported that their model based only on 
Twitter language predicted mortality better than a model combining ten common 
demographic, socioeconomic and health risk factors, including smoking, diabetes, 
hypertension and obesity. This focus on systems is also consistent with recent calls 
[185] for researchers to approach psychopathology as a system, drawing on devel-
opments in dynamical systems theory, network theory, chaos theory and other 
branches of the complexity sciences. Together with new insights offered by the 
GENIAL model, these methodological developments may help to transform our 
understanding of pathways to health and wellbeing within the context of the health 
of individuals and their community ecosystems.

In summary, we have reviewed the literature on associations between social ties 
and health outcomes, identified various mechanisms that might underpin the asso-
ciation and proposed the GENIAL model for pathways to wellbeing and longevity, 
emphasizing social ties as an important mediator along this pathway. We suggest 
that past research on the link between social ties and health outcomes has been held 
back for at least four reasons. First, the field has been characterized by multiple 
competing simplistic models leading to calls for more sophisticated models [6, 49] 
that take into account the complex pathways between social ties and health out-
comes, as well as more robust statistical methods that could then be applied, draw-
ing on, for example, developments in complex systems theory and dynamics [185]. 
Second, the field typically considers the vagal nerve as an epiphenomenon of the 
stress response, rather than a regulator of multisystemic, downstream pathways that 
can lead to either premature mortality or longevity. This is despite available theory 
[82–84, 124] and data [94, 95, 186] that provide a framework through which to 
understand how the vagus might regulate downstream systems. Third, research on 
vagal tone is typically conducted with a restricted focus on the individual, rather 
than their connections with others, social integration and community ecosystems, 
further highlighting a need for drawing on modern analytical methods. Fourth, 
research findings are typically interpreted from the vantage point of one’s own dis-
cipline, a phenomenon known as the ‘disciplinary dilemma’. While this is under-
standable, it is also unfortunate. It could be argued that the greatest insights in 
science arise through multidisciplinary exchange, allowing for new lines of interdis-
ciplinary and even transdisciplinary enquiry to arise.

Future research will benefit from investigating more sophisticated models of 
pathways to health and wellbeing and drawing on recent developments in statistical 
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methods (e.g. [187]) to large datasets. Multidisciplinary collaboration and interdis-
ciplinary science are essential for a more complete understanding of the mecha-
nisms underpinning the associations between social ties, health and wellbeing. Our 
working hypothesis underpinning the GENIAL model is that vagal function plays 
an important regulatory role over pathways to health and wellbeing, which include 
psychological factors, social ties and allostatic processes. Understanding that the 
health of individuals is not achieved within a vacuum, we recognize that physical 
and social environments will either impede or facilitate individual pathways to 
health and wellbeing. Within this framework, gene-environment interactions will 
contribute to individual differences in vagal function that will both influence and be 
influenced by psychological moments and social ties. Individual differences in 
vagal function will lead to variation in regulation of allostasis, and if regulation is 
optimal, one will be set along pathway to wellbeing, health and longevity; however, 
if dysregulated, the course will be set for illness, disease and premature mortality. 
The GENIAL model has important implications for (a) teaching service users about 
the importance of emotional flexibility and relationships with health outcomes and 
(b) creating social contexts that facilitate positive experiences and social ties espe-
cially for those with chronic conditions, who experience fewer opportunities for 
social integration and relationships with others. It is our hope that future research 
will proceed by combining individualist and structuralist approaches to health and 
converge into a transdisciplinary science that draws on developments in complex 
systems theory and dynamics, leading to a better understanding of how social ties 
influence human health and, ultimately, better care for managing patients with 
chronic mental disorders and physical disease.
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A B S T R A C T

Heart rate variability (HRV) indexes functioning of the vagus nerve, arguably the most important nerve in the
human body. The Neurovisceral Integration Model has provided a structural framework for understanding brain-
body integration, highlighting the role of the vagus in adaptation to the environment. In the present paper, we
emphasise a temporal framework in which HRV may be considered a missing, structural link between psycho-
logical moments and mortality, a proposal we label as Neurovisceral Integration Across a Continuum of Time (or
NIACT). This new framework places neurovisceral integration on a dimension of time, highlighting implications
for lifespan development and healthy aging, and helping to bridge the gap between clearly demarcated dis-
ciplines such as psychology and epidemiology. The NIACT provides a novel framework, which conceptualizes
how everyday psychological moments both affect and are affected by the vagus in ways that have long-term
effects on mortality risk. We further emphasize that a longitudinal approach to understanding change in vagal
function over time may yield novel scientific insights and important public health outcomes.

1. Introduction

“An oak and a reed were arguing about their strength. When a strong
wind came up, the reed avoided being uprooted by bending and leaning
with the gusts of wind. But the oak stood firm and was torn up by the
roots.” ― Aesop (620BC–560 BC)

The 1990′s was designated as ‘the decade of the brain’ and, more
recently, Thomas Insel has proposed that mental disorders now be
considered ‘brain disorders’ (Insel, 2013). Insel’s position is that
changes in the brain associated with psychiatric illness occur much
earlier than observable symptoms. Waiting for observable symptoms
therefore, leads to delays in appropriate diagnosis and treatment, a si-
tuation, Insel argues, that is akin to waiting for a myocardial infarction

before treating the underlying cause. This position has important im-
plications for early detection and early intervention. However, it also
leads to the perception that the emotions and their disorders are di-
vorced from physical health, a perception that could not be farther from
the truth, as we will demonstrate here. An excellent candidate for
providing a critical structural link between psychological moments and
mortality is heart rate variability (HRV), a proposal we label as Neu-
rovisceral Integration Across a Continuum of Time (or NIACT) and
describe in the present manuscript. HRV refers to the millisecond var-
iation between consecutive heartbeats and reflects the pulse of vagal
nerve activity on the sinoatrial node. The word “vagus” is Latin for
wandering, referring to the extensive distribution of the vagus nerve
(cranial nerve X) throughout the body.
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Research on HRV has focused on a wide range of behaviours in-
cluding positive mood states (Kok and Fredrickson, 2010; Kok et al.,
2013; Oveis et al., 2009), emotion regulation (Butler et al., 2006; Di
Simplicio et al., 2012; Geisler et al., 2010), cognitive function (Hansen
et al., 2003; Hansen et al., 2004; Suess et al. 1994), as well as a variety
of biological functions including metabolic homeostasis (Tracey and
Pavlov, 2012), inflammatory processes (Tracey, 2002) and even brain
plasticity (Hays et al., 2013). Alterations in HRV may also underpin a
host of conditions and diseases including psychiatric illness and cardi-
ovascular disease (Kemp and Quintana, 2013; Thayer et al., 2010c),
while stimulation of the vagal nerve has been used as a treatment for
refractory epilepsy (Shahwan et al., 2009) and depression (Rush et al.,
2005), and may even be beneficial for other conditions including tin-
nitus, chronic hiccups and Alzheimer’s disease (see Clancy et al., 2013
for review). It is surprising therefore that the implications of vagal in-
volvement in such a wide variety of functions, behaviours and condi-
tions are seldom extrapolated beyond the specific field in which the
individual studies have been conducted. To that end, we bring together
the many strands of research conducted across a variety of research
fields, and provide an interpretative framework through which these
findings may be understood. This extended neurovisceral integration
model (or NIACT), emphasises the importance of neurovisceral in-
tegration over time, such that the extent to which the brain and body
are integrated will contribute to eventual mortality.

The overarching aim for this review is to provide a multidisciplinary
synthesis and framework through which the extensive, yet disparate,
body of evidence on the role of HRV in a variety of psychological
functions, inflammation, illness and disease may be understood. In the
sections that follow we first describe the theoretical background on
which many prior studies have been interpreted. Major theoretical
models include the neurovisceral integration model (Thayer and Lane,
2000, 2009) and the polyvagal theory (or PVT) (Porges, 1995, 2011),
which characterise the neural circuitry underpinning behavioural
flexibility to environmental change and social engagement. While these
models have important implications for mental and physical health, a
comprehensive model based on the most recently published evidence,
linking psychological moments to morbidity and mortality remains to
be proposed. This is the major rationale for writing the present paper.
Following this discussion, we provide an interpretative framework that
emphasises the link between vagal function and HRV, highlighting that
all measures of HRV typically index parasympathetic nervous system
(PNS) function, albeit distinct physiological mechanisms. This section
also provides an important background for readers who may be un-
familiar with the intricacies of HRV research, and the ways in which
data has been collected and interpreted (see also Table 1). Our model
conceptualises HRV as a psychophysiological marker of health and
wellbeing, and this conceptualisation has wide applicability. We
therefore devote the next section of our paper to the evidence sup-
porting this claim, highlighting that physical activity, improving diet
quality, consuming alcohol in moderation and reducing tobacco con-
sumption are all associated with increased vagal function. However,
health behaviour is not the only factor influencing vagal function,
leading us to our next section, which focuses on psychological moments
including the broad constructs of emotion and cognition. We suggest
that vagal function may provide the physiological foundation on which
psychological functioning is supported, while stable changes in resting-
state vagal function will have direct implications for future health. The
following section describes some overlapping processes that may link
these moment-to-moment (phasic) changes that support psychological
functioning to stable changes in resting-state vagal function. Several
conceptually related processes including self-perpetuating feedback
loops and allostatic regulation underpinning experience-dependent
change are described. A critical regulatory role for the vagus nerve over
a variety of tightly integrated allostatic systems is proposed high-
lighting an important role for what has been described as the choli-
nergic anti-inflammatory reflex. Vagal dysfunction – indexed by

reduced resting-state HRV – will lead to allostatic load, increasing
morbidity and mortality, the focus of the following section. The asso-
ciation between vagal function and psychiatric disorders and their
treatments is discussed, followed by consideration of the intimate re-
lationship between psychological and physical health and wellbeing,
highlighting links between vagal function and future health. We then
synthesise the body of literature reviewed in preceding sections and
present our model: the Neurovisceral Integration Across a Continuum of
Time (or NIACT). This model emphasises vagal function as a critical,
missing link in prior accounts that have sought to link and bridge the
gap between psychological functioning and mortality. A variety of
theoretical conundrums and methodological limitations are then de-
scribed providing a foundation on which future research could be
based.

Our paper makes an important contribution to the existing literature
on HRV by emphasizing the role of a temporal continuum that spans
psychological moments through to mortality. Several points regarding
our review should be noted. First, we describe and discuss studies from
diverse fields including health psychology, emotion and cognitive sci-
ence, neuropsychiatry, epidemiology and public health. Accordingly, a
comprehensive review of the literature in regards to vagal function is
beyond the capacity of the current paper. Instead, we draw upon re-
cently published reviews within each domain and research field, and
highlight findings from more recent studies that build upon these re-
views. Second, we make an important distinction between phasic and
tonic HRV, emphasizing a principle of demand appropriate respon-
siveness, in order to better interpret and appreciate the significance of
increases or decreases in HRV within and between particular groups
and conditions. Pragmatic and theoretical distinctions are made be-
tween HRV collected under different recording conditions (i.e. resting
state, task and recovery conditions). In this regard we propose that
resting-state HRV may reflect the combined impact of multiple psy-
chological moments, providing the best indication of future health. By
contrast, we suggest that task-driven activity reflects autonomic re-
sponsiveness to that with which the individual is engaged, while re-
covery-related activity may reflect emotional resilience (mental
toughness), particularly after a stressor. Throughout this paper we
emphasize reported effect sizes rather than statistical significance
where possible, consistent with increasing calls for meta-analytic
thinking (Cumming, 2014; Lakens, 2013). Effect sizes are interpreted in
the context of other similar studies and the way in which the authors of
specific papers have interpreted their own findings.1

We now turn our attention to the theoretical background on which
our proposal is based, before embarking on a targeted review of the
literature across several research domains in which vagal function has
been shown to play an important role.

2. Theoretical background

Two major theories, the neurovisceral integration model (NIM)
(Thayer and Lane, 2000, 2009) and PVT (Porges, 1995, 2011), have
provided the theoretical framework through which reported findings on
HRV have been interpreted.

The NIM (Thayer and Lane, 2000, 2009) describes an inhibitory,
cortico-subcortical neural circuit that integrates brain and body func-
tion, and supports a variety of functions including emotion, cognition,
and social behaviour. Some of the studies supporting links between
vagal function and these psychological moments are described in fol-
lowing sections. The central autonomic network (or CAN) (Thayer and
Lane, 2000, 2009) is responsible for the inhibition of medullary

1 When necessary, we drew upon the benchmarks provided by Cohen (Cohen, 1988),
which can be grouped into two families, the d family, which relate to standardized mean
differences (small, d = 0.2; medium, d = 0.5; large, d= 0.8), and the r family, which is
related to strength of association (small, r = 0.1; medium, r= 0.3; large, r = 0.5).
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cardioacceleratory circuits, for controlling psychophysiological re-
sources and appropriate responses to environmental change. HRV in-
dexes vagal inhibition of the heart and reflects the primary output of
the CAN. Neuroimaging studies (Allen et al., 2014; Chang et al., 2013a;
Thayer et al., 2012) have begun to explore the association between
neural correlates of resting state HRV (Allen et al., 2014; Chang et al.,
2013a) as well as HRV reactivity (Thayer et al., 2012) (see also Beissner
et al., 2013). These studies have demonstrated that higher resting-state
HRV is associated with greater resting cerebral blood flow (Allen et al.,
2014), a finding that may reflect a coordinated physiological substrate
for diminishing sympathetic adrenergic inhibition in the nucleus am-
biguous and reducing sympathetic vasoconstriction of cerebral arteries
during the resting state. By contrast, meta-analysis of HRV reactivity
during cognitive, sensory/motor and emotion processing (i.e. task-
evoked changes in HRV) reveal a number of regions within the cortical-
subcortical pathway including the ventro-medial prefrontal cortex and
amygdala (Thayer et al., 2012). According to this model, the CAN

shapes brain activity and associated autonomic responses in the body.
Therefore, vagal impairment is associated with prefrontal hypoactivity,
amygdala hyperactivity and low resting-state HRV contributing to a
predisposition to threat perception and inflated negativity biases. By
contrast, healthy vagal function will be associated with flexible pre-
frontal inhibitory control over amygdala function and flexible adapta-
tion to environmental change. Interestingly, resting-state studies (e.g.
Allen et al., 2014) have also demonstrated that higher resting HRV is
associated with lower cerebral blood flow in regions previously im-
plicated in cardiac vagal reactivity (Thayer et al., 2012). More speci-
fically, higher resting HRV is associated with less relative perfusion in
left amygdala, left putamen, right hippocampus, left parahippocampal
gyrus, left and right insula, and two subregions of the right superior
temporal gyrus (B. Allen et al., 2014). Thus, lower resting cerebral
blood flow in these areas could be maintaining high levels of resting
HRV, while disinhibition of these areas and associated cardioaccelera-
tory circuitry would lead to decreased HRV under challenge. The NIM

Table 1
Summary of common HRV parameters and their interpretation.

Measure Units Interpretation

Time Domain Measures of variance calculated on NN intervals (cleaned R–R time-series) to yield numerical estimates in temporal units (milliseconds,
ms).

MeanRR ms The mean of NN intervals; the longer the NN interval, the slower the heart rate (more HRV). Conversely, the shorter the RR interval, the
faster the heart rate (less HRV). Higher resting heart rate and lower resting HRV usually reflect a compromised physiological state.

SDNN ms The standard deviation of NN intervals reflects all cyclic components responsible for variability during an entire recording. 24-h
recordings reflect circadian influences and total HRV, such that higher values reflect a healthier state, while lower values are associated
with increased risk of mortality, especially in patient populations.

RMSSD ms Square root of the mean squared differences between successive RR intervals. This measure correlates highly with HF-HRV and reflects
beat-to-beat changes mediated by the PNS. RMSSD is less affected by changes in breathing frequency than for the HF component.

pNN50 % NN50 divided by the total number of RR intervals. Provides information about the very short-term control of subtle fluctuations in sinus
rhythm. May be less sensitive to group differences than other measures.

RSA Respiratory sinus arrhythmia combines heart rate with respiration data, and reflects the ebb and flow of heart rate associated with
respiration. RSA can be quantified using spectral analysis, time-domain peak-valley analysis or application of a band-pass filter, so units
of measurement can vary.

Frequency Domain Variance in heart rate is partitioned into frequency spectra using various approaches, the most common being fast Fourier transform
(FFT) and autoregressive modelling techniques.

High Frequency (HF) HF corresponds to heart rate variations in the respiratory cycle (0.15 and 0.40 Hz). Reflects vagal activity such that higher values. Total
vagal blockade eliminates oscillations in this frequency range.

HF-HRV(n.u.) n.u. HF [ms2]/(total power [ms2]−VLF [ms2]). This measure minimizes the effects of total power on HF values. Increases in normalised HF
can be driven either by increases in overall HF power or by decreases in LF power.

HF-HRV(ms2) ms2 Reflects parasympathetic activity, although dependent on total power. Total power is decreased with sympathetic activity (e.g.
tachycardia) and increased with vagal activation, highlighting the importance of task context when interpreting results.

LF-HRV LF may also be presented in normalised units [nu] and absolute power [ms2]. Interpretation of activity in the LF band (0.04–0.15 Hz) is
controversial and depends on the recording condition in which data is collected; it can reflect vagal, sympathetic and baroreflex
mechanisms.

Non-Linear Non-linear measures assess qualitative properties rather than magnitude of heart rate dynamics. Such measures may be more sensitive to
group differences, however, the physiological basis of these measures is less clear.

The Poincaré plot A geometrical technique that involves fitting an ellipse to the shape of the NeN interval time-series to extract three indices: SD1, SD2,
and SD1/SD2.

SD1 ms2 The minor axis of the Poincare plot ellipse is a measure of rapid changes in the NeN interval and is therefore considered a
parasympathetic index of sinus node control. Correlates highly with RMSSD and HF measures.

SD2 ms2 The major axis of the Poincare plot ellipse is a measure of long-term variability.
SD1/SD2 The ratio between the two standard deviations of the Poincaré plot. SD1/SD2 ratio has fractal-like properties, information that is

otherwise hidden from time- and linear-domain measures of HRV.
Recurrence plot quantification The tool quantifies the degree of determinism, state changes and degree of complexity and/or randomness in cardiac signals and requires

no mathematical transformations or assumptions. Higher values on measures extracted from the recurrence plot quantification include%
REC, Lmax and Lmean. These variables reflect a pattern of low variability, and a compromised physiological state.

Entropy Entropy reflects the regularity or periodicity of time series; higher regularity is reflected in lower values.
ApEn Approximate entropy quantifies the regularity of the R–R time series, such that the more regular and predictable the time series, the

lower the value. This measure has three shortcomings including dependence on record length and lack of relative consistency, leading to
an alternative measure, SampEn.

SampEn A lower value of sample entropy indicates more self-similarity in the time series.
EntShannon Shannon entropy is another measure of pattern distribution complexity that is large when the distribution is flat, and small if there is a

probable subset of patterns, while others are missing or infrequent (a Gaussian distribution). This measure therefore is interpreted
differently to ApEn and SampEn.

DFA Discriminatory Function Analysis quantifies intrinsic fractal-like correlation properties of dynamic systems.
DFA1 Short-term fluctuations of DFA reflects the short-term, fractal-like properties of rapid R–R interval oscillations (for window sizes< 11

beats). White Gaussian noise (a totally random signal) is reflected in a value of 0.5; a Brownian noise signal (a signal in which higher
frequencies display decreased power) is reflected in a value of 1.5. Healthy middle-aged subjects display values around 1.0.

DFA2 Long-term fluctuations of DFA reflect longer term, fractal-like scaling properties (for window sizes> 11 beats).
CorrDimD2 The correlation dimension quantifies the complexity or ‘strangeness’ of data, providing information on the minimum number of dynamic

variables needed to model the underlying system
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emphasizes the intimate relationship between brain and body, and
suggests that HRV may index ‘top-down’ appraisals, which is mediated
by the capacity with which the ventro-medial prefrontal cortex is able
to inhibit subcortical pathways.

The second theory – PVT – is complementary to the NIM, empha-
sising a phylogenetic shift in the control of the autonomic nervous
system (ANS) from the dorsal motor nucleus of the vagus in reptiles to
the nucleus ambiguous in mammals (Porges, 1995, 2011). According to
the PVT, one consequence of the transition is the emergence of social
behaviour including facial expression and vocalisations. The vagus
nerve is either myelinated or unmylinated (i.e. polyvagal), and the
model characterises a role for the unmyelinated vagus in phylogeneti-
cally older immobilisation behaviours (e.g. extreme terror, neurogenic
bradycardia, vasovagal syncope, reproduction, nursing and pair-
bonding), while the myelinated vagus is linked to evolutionary younger
behaviours (e.g. emotion, social communication and psychophysiolo-
gical flexibility). It is the myelinated vagus nerve that is linked to HRV
and although this aspect of the theory has been challenged (e.g.
Berntson et al., 2007; Grossman and Taylor, 2007), the psychological
and behavioural implications of the theory have been labelled “as
something of a sacrament.” (Berntson et al., 2007). The model describes
a trinity of nuclei in the medulla including the dorsal motor nucleus of
the vagus (DMNX), the nucleus ambiguous (NA) and the nucleus tractus
solitarius (NTS). The unmyelinated vegetative vagus nerve originates
from the DMNX, while the myelinated ‘smart’ vagus originates from the
NA from which vagal efferent pathways project. The final structure in
the trinity is the NTS, which is the primary site for termination and
integration of many afferent pathways traveling from peripheral or-
gans, allowing for subsequent regulation of behaviour.

These theories have helped to contextualise many of the published
findings in the literature. Both are complementary, and in fact, draw
upon Hughlings Jackson’ principle of hierarchical integration through
inhibition (Jackson, 1958) in which removal of inhibition ‘permits’
rather than ‘elicits’ increased physiological activity (i.e. disinhibition)
(Porges, 2011; Thayer et al., 2012). A typical defensive response is
associated with a reciprocal pattern of vagal inhibition and sympathetic
excitation, accompanied by increased heart rate and blood flow, and
inhibition of the baroreflex, which increases blood pressure (Berntson
et al., 1991). The autonomic nervous system (ANS) may also be co-
activated or co-deactivated (Berntson et al., 1991; Berntson et al.,
1993). Co-activation of the parasympathetic and sympathetic nervous
systems (PNS and SNS) may help mitigate the deleterious effects of
increased SNS activity (Norman et al., 2011), while sympathetic-para-
sympathetic cardiac deactivation may reflect passive sensory intake
(Kreibig, 2010). Recent thinking further indicates that vagal activity
may actually be withdrawn without activation of the SNS (Porges,
2011). This metabolically conservative response to challenge (vagal
withdrawal without subsequent SNS activation) may also reflect the
mood and anxiety disorders during resting state (Kemp et al., 2014a).
Both models emphasise different aspects of adaptation and engagement.
NIM highlights the importance of the prefrontal inhibition over lower
subcortical pathways in shaping brain activity and subsequent auto-
nomic responses, while PVT emphasises the emergent properties of
phylogenetically older neural circuits (i.e. “flight”, “fight” or “freeze”)
when phylogenetically younger circuits critical to social engagement
fail to function. According to NIM, higher levels of resting-state HRV
reflect stronger ‘top-down’ appraisal and prefrontal inhibition of car-
dioacceleratory circuitry. By contrast, the PVT links higher levels of
HRV to capacity for social engagement and phylogenetically younger
behaviours.

2.1. Summary

Major characteristics, core components and associated behaviours
highlighted in these models are summarised in Fig. 1. Prosocial beha-
viour is associated with cortical inhibition of the central nucleus of the

amygdala (CeA), activation of the vagus nerve within the nucleus am-
biguus—increasing vagal tone—facilitate socially engaging facial ex-
pressions, leading to positive social interactions. The NST receives vagal
afferent feedback from the viscera and internal milieu, and this in-
formation is then directed to cortical structures responsible for the top-
down, flexible regulation of emotion (Fig. 1, black arrows). Increased
activation of the vagus nerve therefore facilitates social engagement
and positive emotion (discussed further below). By contrast, respon-
siveness to environmental challenge (e.g. orienting) and withdrawal
from the environment (e.g. fear) will be associated with a disinhibition
of CeA (the major efferent source for modulation of cardiovascular,
autonomic and endocrine responses) and vagal withdrawal—decreasing
vagal tone—triggering fight-flight-or-freeze responses. Again, informa-
tion relating to the status of the viscera and internal milieu are fed back
to the nucleus of solitary tract and the cortex, allowing for subsequent
regulation of the emotion response (Fig. 1, grey arrows). Decreased
activation of the vagus nerve therefore facilitates fight-flight-or-freeze
responses and negative emotions. Although both theories have im-
portant implications for mental and physical health, a comprehensive
model linking these everyday psychological moments and phasic vagal
alterations to morbidity and mortality remains to be described; this is
the task of the current paper. An interpretative framework for HRV
measures will now be described after which, relevant studies on HRV
from diverse fields of scientific endeavour will be discussed.

3. HRV and vagal function: an interpretative framework

Vagal modulation of heart rate is fast; it is regulated by acetylcho-
line, which peaks within 0.5 s and returns to baseline within 1-s
(Appelhans and Luecken, 2006; Levy, 1997). By contrast, the effects of
the SNS are much slower; the SNS is regulated by norepinephrine,
which peaks only after 4 s and then returns to baseline after ∼20 s
(Appelhans and Luecken, 2006; Levy, 1997). Therefore, measures of
HRV that reflect the fast changes provide a surrogate measure of vagal
function. Although different measures of HRV may reflect distinct
physiological mechanisms, all typically index PNS function (Reyes Del
Paso et al., 2013). A summary and interpretation of common HRV
measures across time-, frequency- and non-linear domains is provided
in Table 1.

The standard deviation of NeN intervals (SDNN) is a commonly
reported, time-domain measure, reflecting all cyclic components re-
sponsible for variability. SDNN extracted from long-term recordings
(usually 24-h) is a robust predictor of adverse cardiovascular events and
mortality (Hillebrand et al., 2013; Huikuri and Stein, 2013). Commonly
reported measures of HRV from short-term recordings (2–15mins) in-
clude the root mean square of successive differences (RMSSD) and high
frequency HRV (HF-HRV). While RMSSD – a time-domain measure –
and HF-HRV are highly correlated, the former is less affected by
changes in breathing frequency (Penttilä et al., 2001; Saboul et al.,
2013), highlighting the utility of this measure during ambulatory stu-
dies, and in patient populations such as those with an anxiety disorder.
Another commonly reported measure of vagal function is respiratory
sinus arrhythmia (RSA), a measure that combines heart rate with re-
spiration data, and like HF-HRV reflects the ebb and flow of heart rate
associated with respiration. There has also been much research interest
in non-linear measures of HRV, which assess qualitative properties ra-
ther than the magnitude of heart rate dynamics, and may better dis-
tinguish between groups, however their physiological basis is less clear.
For more information on collection, extraction and interpretation of
these measures, interested readers are referred to past reviews on this
topic (Appelhans and Luecken, 2006; Berntson et al., 1997; Rajendra
Acharya et al., 2006; Reyes Del Paso et al., 2013; Shaffer et al., 2014;
Thayer et al., 2010a, 2009).

There is a natural relationship between heart rate and breathing
such that heart rate slows on expiration and speeds up on expiration.
This is a well known phenomenon and has important regulatory
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functions including control of gas exchange at the aveoli (Lehrer and
Gevirtz, 2014). Arguments over whether or not respiration should be
controlled in HRV analyses have tended to assume that the direction of
causality flows from respiration to cardiac changes. However, the
causal direction might also flow from cardiac change to respiration
(especially under resting state conditions), where the heart beat that
immediately precedes inspiration triggers inspiratory onset (Tzeng
et al., 2003); this phenomenon is known as “cardiorespiratory cou-
pling”. In this case, controlling for respiration when examining HRV
indices will remove variability associated with neural control over the
heart beat, and therefore some of the variance that researchers are in-
terested in studying (Thayer et al., 2010a). Regardless, RSA is con-
sidered to accurately reflect vagal modulation of heart rate during
resting state recordings and most clinical mental stress tasks, when
respiration is not expected to vary (Allen et al., 2007).

While RSA and HF-HRV both index respiratory processes, low fre-
quency HRV (LF-HRV, 0.04–0.15 Hz) is thought to reflect blood pres-
sure control mechanisms and vasomotor tone. This component may be
associated with baroreflex-mediated blood pressure variations (Moak
et al., 2007; Penaz, 1978), a reflex by blood pressure sensors in the
aorta and carotid artery that modulate blood pressure fluctuations
(Eckberg and Sleight, 1992; Lehrer and Gevirtz, 2014). During en-
vironmental challenge such as physical activity or stress, LF-HRV may
also approximate sympathetic activity, highlighting the importance of
recording context when interpreting changes in the LF bandwidth
(Shaffer et al., 2014). While researchers have traditionally interpreted
the LF/HF ratio as sympathovagal balance, this view is now con-
troversial (see Goldstein et al., 2011; Pagani et al., 2012; Reyes Del Paso
et al., 2013).

3.1. Summary

In summary, commonly reported measures of HRV include SDNN,
an estimate of all cyclic components responsible for variability often
reported in studies that have collected data from longer-term recordings
(usually 24-h), and RMSSD and HF-HRV, measures of fast changes as-
sociated with vagal modulation, typically reported in studies that have
collected data from shorter-term recordings. In the present review,
unless stated elsewhere, we focus on these measures and clearly dis-
tinguish between different recording contexts, which may impact on

conclusions drawn (e.g. heterogeneity of responding during emotion
regulation tasks dependent on person-specific characteristics, (e.g. Di
Simplicio et al., 2012)). Studies that collect data from short-term re-
cordings often report measures of resting-state HRV. We interpret this
psychophysiological marker as a structural bridge between psycholo-
gical moments and future morbidity (Friedman and Thayer, 1998;
Kashdan and Rottenberg, 2010; Kemp et al., 2012b), providing a phy-
siological foundation supporting response to environmental change and
challenge, that will both affect and be affected by the cascade of phy-
siological processes subsequently impacting on individual risk for
morbidity and mortality. If HRV is a marker of health and wellbeing –
as we suggest it is – it should therefore be impacted on by a variety of
health behaviours. This is the focus of our next section, after which we
begin a review of HRV studies published across a variety research do-
mains, broadly categorised in the fields of psychology and epide-
miology.

4. Vagal function and health behaviour

Physical health may be improved by increasing physical activity,
making changes to dietary habits, consuming alcohol in moderation
and reducing tobacco consumption, and all these activities are asso-
ciated with subsequent improvements in vagal function indexed by
increases in HRV, which may subsequently decrease risk for morbidity
and mortality (see Thayer et al., 2010c for review). Interestingly, a
single-item measure of global self-rated health has been associated with
HRV measures including SDNN, RMSSD, LF-HRV and HF-HRV (Jarczok
et al., 2015), and this association was stronger than any other bio-
marker including inflammation. Self-rated health is a simple question
requiring participants to rate their health in general and has been as-
sociated with many health outcomes and shown to predict morbidity
and mortality. This study suggests therefore that the extent of central-
peripheral feedback is associated with self-rated health, perhaps re-
flecting the fact that self-rated health may depend on interoceptive
ability, supported by afferent vagal projections from peripheral organs
to the brain. This bidirectional vagal circuitry − which is indexed by
HRV − and the afferent projections, in particular may also provide a
theoretical basis through which the effectiveness of other behavioural
interventions (e.g. massage, exercise, meditation, yoga and HRV bio-
feedback) may be understood.

Fig 1. Visualisation of major characteristics, core components
and associated behaviours described in NIM and PVT that
contribute to a psychological moment. Increases in activity
(black arrows) – indexed by increased phasic HRV – reflect
increased inhibitory control over cardioacceleratory circuits
facilitating social engagement and emotion regulation.
Decreases in phasic activity (grey arrows) reflect disinhibition
of the central nucleus of the amygdala and cardioaccellera-
tory circuitry facilitating the stress response and behavioural
withdrawal. The arrows represent both efferent projections
from the CAN, which contribute to alterations in phasic vagal
activity and related behavioural responses, as well as afferent
feedback from peripheral end organs allowing for effective
regulation of ongoing processing. These bidirectional path-
ways from and to the CAN provide a psychophysiological
framework for reciprocal causality in which positive and
negative emotions reciprocally and prospectively contribute
to alterations in vagal function (i.e. mutual causation).
Afferent projections also provide a theoretical basis through
which many behavioural interventions such as massage, ex-
ercise, meditation, yoga and HRV biofeedback may be un-
derstood.
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In a study conducted more than 25 years ago (Hayano et al., 1990),
it was concluded that smoking causes an acute and transient decrease in
vagal function as measured by RSA, while heavy smoking causes long-
term reductions (RSA) as well as blunted postural responses in auto-
nomic cardiac regulation (i.e. postural changes were not observed in
heavy smokers as defined by>25 cigarettes per day). Strikingly, more
recent research has even reported that non-smokers exposed to en-
vironmental tobacco smoke at home or work for more than 2 h a day
(n = 80) – relative to the unexposed (n = 1034) – display a 2.7%
higher heart rate (Felber Dietrich et al., 2007), in addition to a 15%
reduction in total power, LF-HRV, low/high frequency ratio and ul-
tralow frequency power of HRV. These findings were not simply acute
responses as findings associated with the sleep period were similar to
the results from the 24-h measures. Depressed smokers even display
decreases in a variety of HRV measures – extracted from recordings
during a 5-min resting period – in depressed patients (N = 77) (Harte
et al., 2013). These findings are particularly striking considering that
depressed patients are already characterised by low HRV (Kemp et al.,
2012a, 2010, 2014d) (discussed further below). Depressed smokers
(n = 34) display decreased HF-HRV (η2p = 0.11) and RSA (η2p = 0.13),
relative to depressed non-smokers (n = 43), even after controlling for
demographic and medical characteristics, and medication use (Harte
et al., 2013). Another recent study by the same authors (N = 62) (Harte
and Meston, 2014) demonstrated that successful quitting (n = 20) was
associated with increases in HRV at follow-up, 4-weeks after patch
discontinuation. Results from this study were based on RMSSD and HF-
HRV extracted from a 3-min baseline period involving presentation of a
documentary film (Cohen’s d’s ranged from 0.50 to 0.73). By contrast,
HRV indices among unsuccessful quitters were generally unchanged
across time.

Physical activity is associated with a decreased heart rate and in-
creased HRV during the resting state, effects that likely contribute to
improvements in mental and physical health over the longer term (see
Carter et al., 2003; Thayer et al., 2010c). Thayer and colleagues were
among the first to report that fit individuals (n = 18) – from a group of
university students aged 17–25 years – display greater vagal control of
the heart relative to low fit individuals (n = 16), as determined by time
and frequency domain measures of HRV, even after controlling for body
mass index (BMI) (Rossy and Thayer, 1998). Fitness was determined
using a questionnaire that estimates VO2max based on subjective report
of physical activity, age, body composition and sex, while HRV was
calculated during a resting baseline period, a face-cooling task designed
to elicit parasympathetic activity, a reaction time task designed to elicit
primarily sympathetic activity, a combination task that was designed to
elicit a combination of both parasympathetic and sympathetic activa-
tion, and recovery periods after each task. The key finding – increased
vagal function in high fit individuals relative to low fit individuals –was
observed at baseline and across all tasks, demonstrating the robustness
of these findings (Cohen’s d for HF = 0.61 relating to the main effect of
fitness).

A study on the Whitehall II cohort (N = 3328) of older civil servants
aged 45–68 years (Rennie et al., 2003), showed that moderate and
vigorous activity is associated with higher HRV and lower heart rate
during a 5-min resting-state, and these findings remained significant
after adjustment for smoking and alcohol intake. Men whose BMI was
greater than 25 kg/m2 and engaged in vigorous activity displayed si-
milar HRV levels to normal-weight men who did not engage in vigorous
activity. Activity levels in this study were determined by a ques-
tionnaire that allows for a metabolic equivalent (MET) value to be
determined, such that 1 MET corresponds to the metabolic energy ex-
pended lying quietly (equivalent to 1 kcal per kilogram of body weight
per hour). Vigorous activity was defined as greater than or equal to 5
MET hours per week (Rennie et al., 2003). A randomised-controlled
study on sedentary young adults (N = 149, mean age 30 yrs) reported
that 12-weeks of aerobic conditioning, but not strength training en-
hances autonomic control of the heart, as determined by decreases in

heart rate (3.49 beats per minute or BPM) and increases in HF-HRV
(0.25 natural log (ln) msec2) during 10-min of quiet rest (Sloan et al.,
2009). These authors further reported that 4-weeks of deconditioning
following the training period led to these autonomic measures re-
turning to pre-training levels.

Research also demonstrates that regular exercisers (n = 22) – par-
ticipants engaging in at least 30 mins of vigorous activity, three times
per week – display a more resilient cardiac stress response than irre-
gular exercisers (n = 18) (d = 0.48) (Hanson et al., 2013). Participants
in this study were required to complete a serial-13′s subtraction task, a
task adapted from the Trier Social Stress Test (Kirschbaum et al., 1993).
Regular exercisers displayed a resting heart rate of 66 BPM, while ir-
regular exercisers displayed a resting heart rate of 72 BPM (d = 0.55).
Interestingly, regular vigorous exercisers also reported feeling less
stressed during this task. Furthermore, escitalopram, a commonly pre-
scribed selective serotonin reuptake inhibitor (SSRI), attenuated the
cardiac stress response (heart rate decreased, d = 0.80, while HRV in-
creased, d = 0.33) associated with a mental arithmetic task in irregular
exercisers to the same level as that displayed by regular exercisers
under placebo. These salubrious effects of exercise may even extend to
the intrauterine environment. A study (N = 61) examining the effects
of aerobic exercise during pregnancy (> 30 min of aerobic exercise, 3×
per week) reported beneficial effects on fetal cardiac autonomic control
of heart rate and its variability (May et al., 2010). This study utilised a
dedicated fetal biomagnetometer to record magnetocardiograms to
detect and separate the fetal cardiac signal from the maternal signal.
Fetal heart rate was lower (d = 1.54) and HRV higher (HF-HRV,
d = 0.95) in the exercise group as compared to foetuses of non-ex-
ercising women during an active fetal state. In a follow-up study by the
same authors, infants born to women who exercised during pregnancy
display higher RMSSD, LF and HF power (May et al., 2014) indicating
that the developing cardiac ANS is sensitive to effects of maternal
physical activity beyond the womb.

At the other end of the lifespan, greater leisure-time activity,
walking distance and walking pace are associated with more favourable
HRV indices in older adults (N = 985) after multivariable adjustment
(Soares-Miranda et al., 2014). It is worth noting here that this study was
conducted in adults aged more than 65 years, and caution is advised
when interpreting HRV measures collected from the elderly as higher
levels of HRV may actually reflect abnormal sinus patterns, especially
when the underlying organisation has not been examined using power
spectral methods or other graphic methods (Huikuri and Stein, 2013).
So in the study with older adults (Soares-Miranda et al., 2014), while
higher 24-h SDNN and ultra-low frequency power were prospectively
associated with greater total leisure-time, walking distance and walking
pace, lower normalised HF-HRV was also observed in those that in-
creased walking pace between baseline (1989–1990) and at the follow-
up period (1992–1993). While this was an unexpected finding, the
authors argued that this finding might also reflect less erratic HRV in
their older cohort. It is noted however, that the authors only excluded
participants with markedly irregular cardiac rhythms indicated by
“extent of irregularity of the rhythm or p waves that was [sic] too high
for trained personnel to accurately label which beats were normal sinus
beats.” It is possible that the focus on the elderly in addition to inclusion
of those individuals with less marked, yet irregular, cardiac rhythms
could have contributed to these findings. These findings further high-
light the utility of short, standardised recordings over 24-h recordings
which provide more standardised recordings of resting-state activity.

Vagal function is also improved by dietary changes, including
consumption of fruits and vegetables, moderate alcohol consumption
and intake of omega-3 fatty acids and vitamin D through fish and nut
consumption (see Thayer et al., 2010c for review). Atlantic salmon
served three times per week from September to February is associated
with significant improvements in RMSSD (d = 0.69) and heart rate
(d = 0.45), as well as decreases in state-anxiety (d = 0.45) in forensic
inpatients (N = 95) (Hansen et al., 2014). This study also reported a
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positive relationship between RMSSD and vitamin D status (r = 0.27).
A recent meta-analysis (Xin et al., 2013) on 15 randomised controlled
trials (N = 692) reported that short-term effects of fish-oil supple-
mentation (6–24 weeks) increased HF-HRV (d = 0.30), while effects on
other measures including SDNN and RMSSD were not significant. The
authors suggested that this observed increase in HRV may underpin the
antiarrhythmic and other clinical effects of fish oil. Other research
(Soares-Miranda et al., 2012) has demonstrated that trans-fatty acid
consumption – and higher plasma phospholipid and erythrocyte
membrane 18:2 TFA (trans-18:2) consumption in particular – is asso-
ciated with specific, less favourable indices of HRV in young (N = 160)
and older (N = 461) adults. It is relevant to note here that trans-18:2 is
also associated with increased risk of coronary heart disease and sudden
cardiac arrest (e.g. Lemaitre et al., 2006).

Finally, there is increasing evidence for the beneficial effects of a
variety of complementary and alternative medical therapies (e.g.
meditation, acupuncture) on vagal function (see Oke and Tracey, 2009
for review). A course of integrative mind-body training (IBMT), a
technique adapted from traditional Chinese medicine that incorporates
meditation and mindfulness practices, leads to a host of physiological
changes (N = 43; n = 20 in the IBMT group) including improved vagal
function during and after 5-days of training in this technique. As little
as 20 min of practice per day lowered heart rate (d = 1.65) and sweat
response, increases HRV (d = 1.44), and results in deeper and calmer
breathing relative to a relaxation control group (Tang et al., 2009).
Another study on the impact of intensive 10-day Vipassana meditation
(N = 36) reported similar increases in the normalised, HF-HRV
(d = 0.57) during meditation following the retreat, consistent with
prior studies including that of Tang and colleagues (Tang et al., 2009;
Wu and Lo, 2008). Decreases in the LF-HRV were also observed
(d = 0.73), a finding that has been linked to vagally-mediated, baror-
eflex outflow (Reyes Del Paso et al., 2013). These findings were inter-
preted in the context of positive and full immersion in an activity, a
psychological phenomenon labelled as ‘flow’ (Csikszentmihalyi, 2002).

4.1. Summary

These studies highlight the beneficial effects of a variety of health
behaviours on vagal function, reinforcing the conceptualisation of HRV
as a psychophysiological marker of health and wellbeing. This is an
important facet of our model (described below), which links activities
and behaviours that may increase or decrease risk for future morbidity
and mortality. We note however, as in most scientific endeavours, that
contradictory evidence has also been reported. For example, weak and
inconsistent associations have been reported for HRV and physical ac-
tivity, alcohol and smoking in a large cross-sectional study based on
1671 participants (aged 45–83 years), recruited as part of the pro-
spective, population-based Cardiovascular Disease, Living and Ageing
in Halle (CARLA) study (Kluttig et al., 2010). This study actually con-
cluded that there may be no, true causal association of behavioural
factors with HRV, however, this study was associated with a variety of
limitations including a questionnaire-based measure to assess physical
activity levels, which may be less sensitive than more objective mea-
sures of regular exercise, restriction of analysis on physical activity to a
subgroup of participants who were physically active thereby mini-
mising sample variability, and focusing on an older sample aged be-
tween 45 and 83 years, which may be confounded by age-related de-
creases in HRV (Agelink et al., 2001; Jennings and Mack, 1984;
Yeragani et al., 1997) (see also Thayer et al., 2010b). It is also possible
that experimental control over respiratory parameters may confound
the visceral-medullary feedback system and shift respiratory para-
meters (Porges, 2011). Despite these limitations, this study (Kluttig
et al., 2010) indicates that behavioural factors are not the only factors
influencing vagal function. In this regard, we now turn our attention to
the relationship between vagal function, emotion and its regulation.

5. Vagal function and psychological moments

5.1. Vagal function, emotion and its regulation

Although research on emotion has increased exponentially over the
last decade, the term ‘emotion’ remains ill-defined, and this situation
has led to an intellectual stalemate (LeDoux, 2012) leading some to
liken the situation to the Hundred Years’ War between England and
France (Lindquist et al., 2013). We suggest here that this stalemate
may, in part, relate to modern neuroscientific research focusing on the
brain, while the contributions from the body have been largely side-
lined. Bidirectional communication between the brain and body play an
important role in emotion and its regulation, such that the brain im-
pacts on the body via visceral efferent pathways, and the body impacts
on the brain through afferent feedback (Kemp et al., 2014b). It is pos-
sible therefore that the extent to which emotion is able to be effectively
regulated will depend on the extent of central-peripheral neural feed-
back and CAN-ANS integration, as indexed by HRV (Thayer and
Friedman, 2002; Thayer and Lane, 2009). However, emotion is typi-
cally interpreted through the lens of the SNS (Porges, 2011), as first
described by Cannon (Cannon, 1927) and subsequently by Selye (Selye,
1936, 1956). Consistent with this approach, modern research has
generally focused on cortical arousal using a variety of neuroimaging
techniques to assess brain function, with little attention to the distinc-
tion between excitation and inhibition (Porges, 2011). However, the
theoretical frameworks − NIM and PVT – described above, emphasise
an important inhibitory role over cardioacceleratory structures al-
lowing for the regulation of subsequent behaviour.

An important component of emotion and social cognition is the
capacity to determine what the other is thinking by recognizing and
interpreting subtle facial cues, which subsequently guide emotional and
behavioural responses to others in the environment. An association
between HF-HRV extracted from 5-min resting-state recordings and
performance on a subsequent emotion recognition task (r = 0.26) has
been reported (N = 65) (Quintana et al., 2012). This study highlighted
for the first time, a role for vagal function in the ability to recognise
emotion expressions from the eye region. Consistent with PVT (Porges,
2011), these findings indicate that emotion perception is facilitated by a
calm physiological state and effective inhibition of the SNS. This pos-
sibility is supported by an earlier study (Bal et al., 2009) on children
with autism spectrum disorders (ASD) (n = 33), a condition char-
acterised by impairments in social functioning. This earlier study re-
ported that children with ASD display decreased resting HRV (as
measured by RSA during the resting state) (d = 0.48) and increased
heart rate (d = 0.55), relative to a control group of typically developing
children (n = 45), reflecting a generalized, psychophysiological state
that may inhibit capacity for social interaction. HRV in this study (Bal
et al., 2009) was extracted from a 2-min baseline period in which
participants were in a generally stable and calm state. Consistent with
our later study in undergraduate students (Quintana et al., 2012), the
authors also observed that higher RSA was associated with faster
emotion recognition.

An increasing body of research has highlighted a relationship be-
tween resting-state HRV and measures of positive mood (Geisler et al.,
2010; Geisler et al., 2013; Oveis et al., 2009; Wang et al., 2013) (but see
Silvia et al., 2014). A study on 80 young adults (Oveis et al., 2009)
reported that RSA – measured during a 90-s resting state (RSAREST) – is
related to self-reported extraversion (r = 0.37), agreeableness
(r = 0.22), optimism (r= 0.27), state positive affect (r = 0.36) and
lower neuroticism (r= −0.21). Importantly, RSAREST was not asso-
ciated with increased positive emotion, or stimulus-specific emotion, in
response to compassion-, awe-, or pride-inducing stimuli. Nor was
RSAREST associated with negative mood. A study on 172 university
student participants demonstrated that HF-HRV – measured during a 7-
min resting state – was associated with subjective wellbeing (r = 0.16,
0.17) (Geisler et al., 2010). This study further reported that the

A.H. Kemp et al. Neuroscience and Biobehavioral Reviews 83 (2017) 547–567

553
 151



relationship between HRV and wellbeing was mediated by emotion
regulation strategies, an observation we discuss further below. A more
recent study by the same authors (Geisler et al., 2013) on 125 under-
graduate students reported that HF-HRV – again, measured during a 7-
min resting state – is correlated with self-reported social behaviours
including engagement (r = 0.33), social-support seeking (r = 0.23),
social integration (r= 0.29) and social acceptance (r = 0.25). Another
study (Wang et al., 2013) on 98 young adults reported that HF-HRV –
measured during a 5-min baseline period – was correlated with positive
(r = 0.31), but not negative (r = −0.03) affectivity. A recent study
(Silvia et al., 2014) however, reported that HF-HRV, RMSSD and other
time-domain measures of HRV measured during a 6-min ‘vanilla’
baseline do not predict any measures of positive mood states including
personality traits and a variety of self-reported, positive emotions
(N = 239). (Effect sizes of observed correlations ranged from zero to
small.) These null findings highlight the limitations of between-subject
designs, which are characterised by less optimal experimental control.

Several published studies benefiting from repeated assessment of
the same individuals are worth noting here. The first study (N = 65)
(Kok et al., 2013) involving random allocation of participants to a
course in loving-kindness meditation (LVK) or control reported an in-
crease in positive emotions in those allocated to LVK, an effect that was
moderated by baseline vagal activity. Two-minute recordings were
collected during the resting state to extract HF-HRV and RSA before the
LVK workshop. This study further observed that increased positive
emotions led to additional increases in vagal activity (resting-state HRV
was collected a second time following the LVK intervention), a finding
mediated by increased perceptions of social connections. Extending on
findings reported in their earlier study (Kok and Fredrickson, 2010),
these authors built a parallel-process mediation model to test the hy-
pothesised bidirectional causal chain between emotion and vagal
function. Importantly they ruled out five additional alternative models
that could have potentially explained their findings. The authors con-
clude that positive emotions build physical health, and that the bidir-
ectional relationship between emotion and vagal function supports a
conceptual model involving a self-sustaining, upward-spiral dynamic. It
is possible that this bidirectional relationship also applies to negative
emotions in which negative emotion and vagal function may lead to a
self-sustaining, downward-spiral dynamic perhaps contributing to im-
paired emotional regulation capacities characteristic of many psychia-
tric disorders. Another study on 60 healthy adults demonstrated that
deactivated positive affect (i.e. relaxed, content, even-tempered, calm),
but not activated positive affect (i.e. dynamic, active, awake, brisk,
delighted) is associated with higher nocturnal vagal tone (HRV:
r = 0.28; heart rate: r = −0.36) (Schwerdtfeger et al., 2014). In this
study, measures were extracted from ECG data collected between 1 to
5am. Surprisingly, no association between negative affect and cardiac
variables were obtained in that study (Schwerdtfeger et al., 2014). The
authors interpreted their findings along a causal pathway from positive
emotion to health, in the context of other evidence (Ben-Dov et al.,
2007) that reported elevations in nocturnal heart rate and attenuation

in its variability increase risk for all-cause mortality.
Interestingly, while positive mood appears to be associated with in-

creased vagal function, positive emotions are associated with vagal
withdrawal, highlighting the principle of context appropriate respon-
siveness. Research has demonstrated that recall and experiential re-
living of happiness is associated with an increase in heart rate and
decrease in its variability (Rainville et al., 2006). This study (N = 43)
also reported an increase in heart rate for all emotions (anger, fear,
happiness and sadness); only fear and happiness displayed decreases in
HF-HRV. In another study, the cardiorespiratory effects of musically
induced emotions were related to the “arousal” dimension, rather than
the “valence” dimension of emotion (Nyklíček et al., 1997), providing
one explanation in which to understand the effects of positive emotions
– rather than mood – on vagal function. A more recent study on 83
healthy, young-to-middle aged participants (Overbeek et al., 2012)
reported strong overall heart rate deceleration from baseline level to
presentation of pictures as well as film fragments (η2p = 0.626), while
HRV measures (and frequency domain measures in particular) dis-
played a decrease (η2p ranged from 0.077 to 0.229) during exposure to
film fragments – but not to Pictures – regardless of the specific emotion.
These heart rate decelerations reflect an ‘orienting’ response that fa-
cilitates information processing of external stimuli (note that heart rate
was increased during recall and experiential reliving of emotion,
(Rainville et al., 2006)), while changes in HRV measures were observed
to relate to increased respiration rate during presentation of films
(η2p = 0.457). Heart rate and HRV are also particularly sensitive to
anxiety and stress (see Fig. 2); for example, strong increases in heart
rate (d = 4.476) and decreases in HRV (d = 2.895) are observed during
completion of a serial-thirteens subtraction task (Hanson et al., 2013;
Kemp et al., 2014c), a commonly used stressor (Kirschbaum et al.,
1993). These findings highlight the importance of distinguishing be-
tween an emotion, especially positive emotions, and mood, a relatively
longer-lasting and more diffuse emotional state.

It is also important to note here that cardiovascular activation to
negative emotions lasts longer than positive emotions (Brosschot and
Thayer, 2003). This delayed recovery following the experience of
chronic negative emotions may be a critical factor linking negative
emotions (‘stress’) to physical disease. Interestingly, individuals with
high implicit anxiety following a stressor display increased heart rate
and greater stressor-induced decreases in HRV (Verkuil et al., 2014),
and these findings were independent of conscious anxiety. Chronic
worry, anxiety and hypervigilance – core characteristics of the anxiety
disorders, and generalized anxiety disorder in particular – may con-
tribute to prolonged cardiovascular activation leading to observed
chronic alterations in heart rate and HRV (e.g. Kemp, Brunoni et al.,
2014a), which may trigger a host of adverse downstream processes (as
reviewed in following sections).

Resting heart rate and HRV however, do not simply reflect emo-
tional state per se. In fact, a body of research indicates that resting-state
measures contribute to an individuals capacity for executive control in
the face of emotional stimuli (Geisler et al., 2010; Krypotos et al., 2011)

Fig. 2. Example of a participant’s RR-in-
terval trace as graphed in Kubios software.
Higher values on the vertical RR axis in-
dicate slower heart rate, and variability in
the trace is indicative of HRV. During rest,
heart rate is characterised by slower heart
rate and a high level of HRV. The stress task
involving completion of the serial 13′s task
in combination with social pressure led to
an increase in heart rate and reductions in
HRV. Interestingly, heart rate increases and
HRV is completely ameliorated even before
the task is begun; that is, as soon as the
participant is informed about the task they
will shortly commence, noticeable changes

arise in the trace.
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(see also Geisler et al., 2013; Meule et al., 2013). A study on 172 uni-
versity student participants demonstrated that HF-HRV – measured
during a 7-min resting state – was not only associated with subjective
wellbeing (r = 0.16, 0.17), but that these effects were completely
mediated by executive emotion regulation strategies such as inhibition,
planning and mental shifting (Geisler et al., 2010). This study con-
cluded that their findings provide support for the proposal that resting
HRV indexes self-regulatory strength, involving the ability to exert self-
control and override one’s dominant response tendencies. Another
study on 54 young adult participants reported that response inhibition
during an emotional stop-signal task was slower in individuals low on
HRV (baseline RMSSD from a 10-min ECG recording) (n = 27), relative
to those high on HRV (n = 27) (d = 0.91), in the presence of negative
emotion, but not neutral stimuli (Krypotos et al., 2011). Response in-
hibition is a core feature of executive control and the capacity for
flexible behaviour in response to a changing environment. This study
suggests therefore, that individual differences in HRV may underpin
differential cognitive control processes, including the inhibition of
motor responses, in the presence of emotional stimuli.

Studies have also demonstrated that HRV is modulated during tasks
requiring emotion regulation, such that HRV increases reflect successful
engagement of cognitive inhibitory processes, while decreases may
reflect impairment in these processes. When women engage in an initial
negative task, HF-HRV increases during discussion of an ongoing
marital disagreement (Smith et al., 2011), compared to that collected
during a baseline condition, a finding that may reflect greater self-
regulatory effort associated with maintaining marital quality. By con-
trast, women who engage in an initial neutral or positive task displayed
a decrease in parasympathetic activity during the disagreement, a re-
sponse that is a characteristic cardiac response to stress. Baseline HF-
HRV also positively correlates with wives’ self-reports of relationship
depth and positivity. Similarly, baseline HF-HRV is associated with
husbands’ self-reports of positivity, and is also, inversely associated
with self-reports of negativity. Intriguingly, a positive correlation be-
tween husbands’ and wives’ resting HF-HRV is also observed suggesting
synchronisation between individual physiological states, an intriguing
possibility that deserves further study. In another study on 33 in-
dividuals from the general population (Di Simplicio et al., 2012), in-
dividuals scoring low on the personality trait of neuroticism displayed
increases in HF-HRV when down-regulating negative affect during
viewing of negative pictures, relative to passive image viewing. By
contrast, individuals scoring high on neuroticism displayed an opposite
tendency. The authors concluded that reductions in HF-HRV during
cognitive regulation of negative emotional stimuli may reflect a distinct
impairment in cognitive inhibitory responses over negative affect,
consistent with reduced flexibility in vagal function. Another study
(Berna et al., 2014) on 63 undergraduate students demonstrated that
while HF-HRV decreases from baseline to film-elicited negative emo-
tion (anger), it increases during recovery, but these increases were only
observed in individuals categorised as having low levels of emotion
regulation difficulties (ERDs). Those with high levels of ERDs displayed
a persistent low HF-HRV during recovery, which may again relate to
impairment in regulatory processes and low-levels of resilience to
fleeting emotion. Finally, individuals with higher tonic HRV display
phasic HRV enhancement during selective attention (when task-related
stimuli are superimposed on fearful distractor stimuli), however, those
with lower tonic HRV display phasic HRV suppression (N = 77) (Park
et al., 2014b). These findings provide direct support for a relationship
between tonic and phasic HRV, such that higher tonic HRV supports
greater self-regulatory effort indicated by phasic HRV enhancement,
while lower tonic HRV may contribute to autonomic stress responses
indicated by phasic HRV suppression.

5.2. Summary

In summary, research demonstrates that higher resting HRV is

associated with more positive mood states, and capacity for more
flexible cognitive processing that facilitates emotion regulation. By
contrast, lower resting HRV is associated with hypervigilant and im-
paired cognitive processing that is detrimental to subsequent emotion
regulation. However, phasic decreases in HRV are also a characteristic
feature of psychological stress, highlighting an important distinction
between phasic and tonic (resting-state) HRV recordings. Phasic HRV
increases or decreases may also be displayed under the same condition
(e.g. acute stress) reflecting either regulation strategies or an autonomic
stress response, respectively, highlighting person-specific responsive-
ness. Research into understanding individual variability in phasic HRV
alterations and associated recovery periods has only begun recently,
and provides a fertile area for future research activities. In this section
we highlighted a role for HRV in emotion regulation, and this discus-
sion provides a perfect segue to the association between HRV and
cognition, a topic we turn our attention to next.

5.3. Vagal function and cognition

Recent epidemiological research has demonstrated that low levels of
cardiovascular health are associated with future cognitive impairment
(Reis et al., 2013; Thacker et al., 2014). The American Heart Associa-
tion has defined the concept of ideal ‘cardiovascular health’ (Lloyd-
Jones et al., 2010) by the presence of ideal health behaviours, which for
adults includes not smoking, a body mass index< 25 kg/m2, moderate
physical activity for more than 150 min/wk (or vigorous activity for
more than 75 min/wk), pursuit of a diet consistent with current
guideline recommendations, and ideal health factors (untreated total
cholesterol< 200 mg/dL, untreated blood pressure< 120/ < 80 mm
Hg, and fasting blood glucose< 100 mg/dL). Epidemiological studies
on large samples of young (Reis et al., 2013) and older (Thacker et al.,
2014) participants now suggest that efforts to improve cardiovascular
health consistent with the American Heart Association strategic goals
for 2020 and beyond (Lloyd-Jones et al., 2010) may have important
implications for cognitive outcomes later in life, including delaying
onset of dementia.

The NIM (Thayer et al., 2009) provides a neuropsychophysiological
framework in which these epidemiological findings may be understood.
This model describes the CAN, which highlights a tight linkage between
cardiovascular and cognitive function. The functional integrity of the
CAN is indexed by HRV, which reflects the inhibitory capacity of the
prefrontal cortex. A study on 311 physically disabled, community-
dwelling women aged 65 and older (Dae Hyun Kim et al., 2006), re-
ported that reduced RMSSD, NN50, and HF power – extracted from 2-h
of ECG recordings during resting state – was associated with prevalent
cognitive impairment according to the Mini-Mental State Examination.
These findings were reported after adjusting for relevant demographic
and clinical characteristics including subclinical inflammation (serum
IL-6). Strikingly, this study reported that reduced high-frequency power
was associated with a 6.7-fold increase in odds for cognitive impair-
ment. RMSSD and NN50 were associated with 3.37- and 3.29-fold in-
crease in odds, respectively. A major limitation of this study however,
was its cross-sectional design, which did not allow the authors to de-
termine whether reduced HRV preceded the development of cognitive
impairment or how HRV changes over time and subsequently affects
cognitive function.

Other research however, has shown that experimental modulation
of HRV impacts on prefrontal cognitive function (e.g. Albinet et al.,
2010; Hansen et al., 2004), resonating with Aristotelian thinking on the
functional role of the heart (Gross, 1995). In an early study (Hansen
et al., 2004) on 37 males from the Royal Norwegian Navy, physical
training involving 3 h per week of aerobic exercise was associated with
increased HF-HRV (d = 0.65) – measured during a 5-min resting state –
faster reaction times and more true positive responses on tests of ex-
ecutive function as determined through a continuous performance task
and working memory test. This study involved within- (i.e. repeated
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assessment, before and after 4-weeks of de-training or continued
training) and between-subjects factors (i.e. participants were allocated
into either a trained- or a detrained group based on application for
further duty). This study was the first to suggest that HRV modulates
prefrontal cognitive function. More recently, a randomised-controlled
study on 24 elderly participants reported that a 12-week aerobic
training program increased measures of time and frequency domain
HRV (d’s ranged from 0.27–0.53) – measured during a 5-min resting
state – and executive function, relative to a 12-week stretching program
(Albinet et al., 2010). Aerobic training involved activities such as
walking, circuit-training, step and gradual running, while stretching
involved enhancing flexibility, balance and body consciousness. While
HRV increased from pre-training to post-training in the aerobic group,
it decreased for the stretching group (d = −0.42); findings associated
with a small (for time-domain measures) to moderate (for HF-HRV)
effect sizes. Strikingly, executive function – measured by the Wisconsin
Card Sorting Test – improved in the aerobic group, a finding associated
with a moderate effect size (d = 0.47), while performance was actually
worse for those in the stretching group (d = 0.27, small effect). To-
gether these studies (Albinet et al., 2010; Hansen et al., 2004) provide
important evidence for the impact of exercise on cognitive ability.

Individuals with higher resting state HRV have been shown to dis-
play greater capacity for memory suppression, when required to do so
(Gillie et al., 2014), reinforcing a role for HRV in executive function and
individual differences in inhibitory control. This study demonstrated
that higher HF-HRV – measured during a 5-min resting state – is as-
sociated with greater control over memory (η2p ranged from 0.05 to
0.14), based on a think/no-think (TNT) paradigm (Anderson and Green,
2001). This task involves learning a list of cue-response word pairs (e.g.
“Tape-Radio”) and then, participants are presented with cues studied
earlier (e.g. “Tape”) and either remembering the response word
(“Radio”) in the think trials, or preventing the recall of the response
word in the non-think trials. This no-think trial requires successful
memory suppression supported by executive control regions of the
brain including the prefrontal cortex, which down-regulate activity in
the hippocampus to stop memory retrieval. This capacity for memory
suppression has important clinical implications. For example, post-
traumatic stress disorder is characterised by intrusive memories, which
play a role in the severity and course of the disorder. The ability to exert
control over unwanted memories is therefore an important factor
maintaining psychological health (Gillie et al., 2014) (see also: Park
et al., 2014a).

So what might be the mechanism underlying these surprising as-
sociations between vagal function and cognition? Research has de-
monstrated a suite of molecular and neurochemical alterations to be
triggered by vagal nerve stimulation (VNS) including release of nor-
epinephrine within the LC, subsequently stimulating α1-adrenergic re-
ceptors in the dorsal raphe nucleus leading to serotonin release (Cheyuo
et al., 2011; Manta et al., 2009). Norepinephrine and serotonin – both
of which stimulate neurogenesis – are projected extensively to many
parts of the brain (Cheyuo et al., 2011; Follesa et al., 2007). Neuro-
genesis involves increased expression of brain-derived neurotrophic
factor (BDNF) (Biggio et al., 2009; Follesa et al., 2007), a key molecule
involved in the regulation of metabolic efficiency, eating behavior,
synaptic plasticity, and learning and memory (Gomez-Pinilla, 2008).
The vagus nerve also makes extensive polysynaptic projections to the
thalamus, hypothalamus, the limbic system, and the cerebral cortex
(Cheyuo et al., 2011; Henry, 2002) via the NTS in the brainstem. These
alterations may underpin the improvements in cognitive function (and
mood) that have been associated with vagal nerve stimulation (Groves
and Brown, 2005; Vonck et al., 2014; Kemp et al., 2016a).2

5.4. Summary

In summary, these studies have highlighted a key role for vagal
function in cognitive capacity, particularly inhibitory control and ex-
ecutive functions including attention and working memory. In fact, this
role may underpin recent findings linking HRV to time perception
(Celleni et al., 2015), an ability crucial to adaptive behaviour and social
functioning. The link between vagal function and cognition also has
important implications for more effective treatments of psychiatric
disorders, conditions that are characterised by cognitive impairment
(e.g. Quinn et al., 2012). The role of vagal function in psychiatric illness
is the issue we turn to next.

6. Vagal function: a critical link between psychological moments
and mortality

Our model – outlined below – highlights an important role for vagal
function across a continuum of time, linking psychological moments to
increases or decreases in risk for morbidity and mortality. Vagal func-
tion provides the physiological foundation on which psychological
functioning is supported, while stable changes in resting-state vagal
function will have direct implications for future health. Our framework
distinguishes between phasic and tonic vagal function, such that phasic
increases and decreases both reflect demand appropriate responsive-
ness to change in the environment, while chronic increases and de-
creases typically reflect healthy and unhealthy vagal function, respec-
tively. It must be noted however, that context is critical to
understanding potentially contradictory findings. For instance, phasic
responding under acute stress may be either increased or decreased
depending on whether the individual engages in self-regulation or ex-
periences an autonomic stress response, while caution is advised over
interpreting high resting-state HRV in the elderly, which may reflect
abnormal chaotic cardiac activity, especially if the data are not in-
spected carefully. In summary, phasic HRV changes will reflect ongoing
vagal changes associated with psychological moments, while chronic
vagal function – indexed by standardised, resting-state recordings – will
index longer-term adaptations that will be dependent on person-specific
vulnerabilities, accumulative life events – especially chronic stress –
and age (over which vagal function decreases markedly). So what might
be the processes linking short-term phasic changes to longer-term in-
dividual differences in resting state vagal function? Several con-
ceptually related processes including self-perpetuating feedback loops
and allostatic regulation will now be briefly described below.

The experience of contextually appropriate emotions – rather than,
for example, maximising the experience of positive emotions over ne-
gative ones – is considered to reflect healthy psychological functioning
(see Kashdan and Biswas-Diener, 2015 for discussion). In fact, negative
affective states typical of those experienced in everyday life have been
shown to have a variety of cognitive (e.g. improved memory perfor-
mance), motivational (e.g. increased perseverance) and interpersonal
benefits (e.g. increased concern for others) (Forgas, 2013). However,
experience-dependent change in the neural circuitry of emotions may
also lead to lasting affective dispositions (affective plasticity) through
upward or downward spirals of positivity or negativity, respectively
(Garland et al., 2010). Negative emotions may become a source of
dysfunction in combination with primitive thought – action tendencies
(flight-fight-freeze responses) may serve to self-perpetuate physiolo-
gical reactivity and trigger destructive behaviours toward self and
others (Garland et al., 2010). By contrast, positive emotions may serve
to counter downward spirals of negativity, providing a ‘bulwark against
the stress of life’ and reducing the impact of distress (Garland et al.,
2010). It is important to highlight here that this approach does not
ignore the benefits of mild and temporary negative emotions; rather it
highlights the self-perpetuating nature of negative emotions if not si-
tuated in a broader context in which the impact of negative emotions
are balanced by positive features of the situation (Eric Garland, March

2 Since this manuscript was submitted for review we have demonstrated that the re-
lationship between vagal function and HRV is mediated by insulin resistance and thick-
ening of the carotid arteries.
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2016, personal communication). Parallel lines of evidence in phy-
siology have described a related concept in physiology, allostasis,
which refers to the multisystemic adaptations required to maintain
homeostasis allowing the body to cope with environmental challenge
(McEwen, 1998).

The concept of allostasis describes the process of achieving stability
through change, involving physiological adaptation to changing en-
vironmental conditions underpinned by coordinated responses within a
tightly integrated network of neural, endocrine and immune systems
(Danese and McEwen, 2012; Kiecolt-Glaser et al., 2002; McEwen,
1998). Psychological stress will elicit activation in the amygdala, trig-
gering the locus coeruleus to induce a state of alertness and focused
attention, and the paraventricular nucleus of the hypothalamus, which
then coordinates a neuroendocrine response to stress sustaining in-
creased metabolic demand. Activation of the SNS will trigger bodily
responses characterised as the ‘fight or fight response’, and an immune
response (inflammation) to protect the body against tissue damage
should it occur. While adaptations to environmental challenge over the
short-term provide an organized and coordinated response that facil-
itates survival over the longer-term, chronic or repeated exposure to
stressors will have detrimental physiological consequences. Enduring
activation of allostatic systems will lead to structural and functional
abnormalities in the nervous system, elevations in inflammatory levels
and chronic activation of the HPA axis that may lead to downregulation
of anti-inflammatory pathways.

We highlight here the critical regulatory role that the vagus nerve
has over a variety of allostatic systems including sympathetic nervous
system (Porges, 2011), inflammatory processes (Huston and Tracey,
2010), the HPA axis (Porges, 2011), and glucose metabolism (Pocai
et al., 2005) (Wang et al., 2008) (see also: Thayer and Sternberg, 2006).
While emotional influences over allostatic systems have been empha-
sized in the links between emotion, morbidity and mortality (Kiecolt-
Glaser et al., 2002), the regulatory role of the vagus in metabolic
homeostasis and control of innate immune responses has generally been
ignored when allostatic processes are described. One mechanism
through which the vagus regulates downstream allostatic systems is the
“cholinergic anti-inflammatory reflex” (Huston and Tracey, 2010;
Tracey, 2002, 2007; Tracey and Pavlov, 2012). This neural mechanism
involves the inhibition by acetylcholine − the principle para-
sympathetic (vagal) neurotransmitter – of macrophage activation and
synthesis of tumor-necrosis factor (TNF) at the alpha-7 nicotinic acet-
ylcholine receptor sub-unit that is expressed on monocytes, macro-
phages and other cytokine producing cells (Huston and Tracey, 2010;
Wang et al., 2003). It plays a key role in detecting cytokines and pa-
thogen-derived products by the afferent (sensory) vagus nerve, and the
regulation and control of cytokine release by the efferent (motor) vagus
nerve. Vagal impairment – indexed by tonic, resting-state HRV reduc-
tions – will therefore lead to overstimulation of these allostatic systems,
a condition known as ‘allostatic load’ (McEwen, 1998), characterised by
excessive proinflammatory cytokine activity, subsequently contributing
to prolonged infections, delayed wound healing, and ill-health from a
host of conditions and diseases including obesity, diabetes, athero-
sclerosis, osteoporosis, arthritis, Alzheimer's disease, periodontal dis-
ease, cancer, frailty and disability (Kemp and Quintana, 2013; Thayer
and Lane, 2007; Thayer et al., 2011, 2010c).

A study by Thayer and Fischer (Thayer and Fischer, 2009) reported
the first evidence for this cholinergic anti-inflammatory pathway in
healthy humans while controlling for SNS activity. Vagal function (in-
dexed by 24 h HRV as measured by RMSSD) was inversely related to
inflammation, indexed by plasma levels of C-reactive protein (CRP)
(r = −0.19; r = −0.12, partial correlation) and white blood cell
counts (WBC) (r =−0.16; r = −0.13, partial correlation). Im-
portantly, vagal function remained inversely associated with markers of
inflammation (CRP, WBC) after controlling for SNS activity, which
could involve either pro- or anti-inflammatory responses. Strikingly, the
difference in CRP between the lowest quartile of RMSSD and the

highest quartile of RMSSD was larger than previously reported differ-
ences between current smokers and non-smokers. A more recent study
by Thayer and colleagues demonstrates that HRV actually predicts CRP
levels four years into the future (r = −0.34; r = −0.20, partial cor-
relation), thus providing the first prospective data showing that low
HRV predicts increased chronic inflammation over a period of years in
healthy working individuals (Jarczok et al., 2014).

6.1. Summary

Vagal function may reflect the critical missing link between psy-
chological moments and mortality, because of its dual role in sup-
porting psychological functions and in regulating downstream changes
in allostatic systems that may subsequently increase or decrease risk for
morbidity and mortality. As described earlier, resting state HRV is
correlated with emotional traits such that higher HRV is associated with
positive mood states (Kok et al., 2013; Kok and Fredrickson, 2010;
Oveis et al., 2009). Studies investigating the impact of meditation
practice on HRV, for example (Kok et al., 2013; Kok and Fredrickson,
2010), have already provided evidence that HRV may provide a psy-
chophysiological foundation for self-sustaining, upward-spirals of po-
sitivity. We suggest here that vagal function may also support self-
sustaining, downward spirals leading to persistent negative mood, and
increases in allostatic load, morbidity and mortality.

7. Vagal function, morbidity &mortality

7.1. Vagal function, psychiatric disorders & their treatments

The association between psychiatric disorders and HRV has at-
tracted much research attention over several decades. PVT (Porges,
2011) has linked vagal nerve outflow to social engagement, impairment
in which is a major characteristic of psychiatric disorders. Related
features including flattened affect, poor eye gaze, attenuated facial
expressions, lack of prosody, and hyperacusis may also be underpinned
by vagal impairment (Porges, 2011). The question that researchers have
sought to answer, therefore, has been whether psychiatric disorders are
characterised by reductions in HRV and more recently, whether HRV
alterations are present during remission. While these questions have
been addressed, reported findings have been contradictory. Researchers
have also debated whether HRV is reduced in psychiatric disorders or
whether these reductions are driven by medications for these condi-
tions. We have sought to address these issues in a number of studies by
employing meta-analytic and other techniques, allowing us to draw
conclusions from the contradictory body of literature. This research on
major depressive disorder (MDD) (Kemp et al., 2010), anxiety disorders
(Chalmers et al., 2014), schizophrenia (Clamor et al., 2016), borderline
personality disorder (Koenig et al., 2016) and antidepressants (Kemp,
et al., 2014a; Kemp et al., 2016) is briefly reviewed below. All these
studies have demonstrated that these disorders are associated with low
HRV. In fact, an independent meta-analysis by colleagues (Alvares
et al., 2016) has reported that HRV is reduced in all patient groups
including mood, anxiety, psychosis and dependent disorders (Hedges
g = −0.583) and that findings remained highly significant for medi-
cation-free patients compared to controls across all disorders. An ex-
ception to this take home message is the recent systematic review
published on bulimia nervosa (Peschel et al., 2016), which reported
increased – not decreased – HRV in this condition. This finding is dis-
cussed further below in the section on theoretical conundrums &
methodological limitations.

The meta-analysis on patients with MDD (Kemp et al., 2010) was
conducted to determine whether otherwise healthy, and unmedicated
depressed patients display reductions across a variety of time-, fre-
quency- and non-linear domain measures of HRV. This was important
because cardiovascular disease may have led to overestimation of the
association between depression and resting-state HRV in prior studies.
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An earlier study (Licht et al., 2008) based on the large Netherlands
Study of Depression and Anxiety (NESDA) cohort (N = 2373) had also
recently concluded that lowered HRV in depression was mainly driven
by the effects of antidepressant medications. By contrast, our meta-
analysis revealed that MDD patients (n = 673) did display lower HRV,
relative to healthy controls (n = 407), effect sizes ranging from small
(based on time- and frequency-domain HRV measures; Hedges’
g = −0.3 and −0.29, respectively) to large (non-linear measures;
Hedges’ g =−1.955, highlighting the utility of non-linear HRV mea-
sures). Depression severity was also negatively correlated with HRV
(r = −0.35, p < 0.001). Tricyclic antidepressants – but not other
classes of antidepressants – were also associated with substantial HRV
reductions, findings associated with a large effect size (Hedges’
g = −1.24). In a more recent study (), the effects of SSRIs have been
shown to be heterogeneous, such that users of paroxetine display HRV
reductions relative to other users of SSRIs, while fluoxetine was the
only SSRI no associated with HRV reductions.

The meta-analysis on anxiety disorders (Chalmers et al., 2014) was
conducted on a total of 2086 patients and 2294 controls. Like the meta-
analysis conducted on MDD, this study was conducted because prior
studies had reported inconsistent findings, again, highlighting the need
for an objective meta-analysis. An earlier study, again on the NESDA
cohort (N = 2095), had concluded that while HRV was reduced in the
anxiety disorders, that findings were again, primarily driven by the
effects of antidepressant medications. In the more recent meta-analysis
(Chalmers et al., 2014), anxiety disorders were characterized by lower
HRV (based on HF-HRV and time-domain measures), findings asso-
ciated with a small-to-moderate effect size (time-domain HRV, Hedges’
g = −0.45; HF-HRV, Hedges’ g =−0.29). Importantly, medication use
and medical comorbidity did not impact on these findings. Further in-
spection of specific disorders indicated that patients with panic disorder
(n = 447), post-traumatic stress disorder (n = 192), generalized an-
xiety disorder (n = 68) and social anxiety disorder (n = 90) all dis-
played moderate reductions in HF-HRV, relative to controls. Patients
with specific phobias (n = 61) also displayed reductions in time-do-
main measures of HRV, although these findings were associated with a
small effect size. Only obsessive-compulsive disorder was not associated
with significant reductions in HRV, null findings that may have been
due to a relatively small sample size (n = 40). Unfortunately, meta-
analysis could not be conducted on specific treatments of anxiety dis-
orders due to the small number of studies investigating this issue,
highlighting the need for further research in this area.

In the largest independent cohort to date (N = 15,105), we reported
that use of antidepressant medications is associated with robust in-
creases in heart rate and decreases in its variability (d’s ranged from
0.37–0.95) (Kemp et al., 2014a). However, we also observed that
generalised anxiety disorder displays replicable, albeit small, reduc-
tions in vagal activity after controlling for multiple confounding vari-
ables, including medication use. This study was unique in that it capi-
talized on propensity score matching procedures, which have several
advantages over ANCOVA and traditional regression-based techniques
including reduced bias by estimating propensity scores without re-
ference to the outcome variable (i.e. HRV) (McCaffrey et al., 2013).
While it is notable that participants with depression did not display
reductions in vagal activity in this analysis, this study has since been
extended (Kemp et al., 2014a), and new findings indicate that patients
with melancholia (n = 40) display robust alterations in resting state
heart rate and its variability (measured by resting state time-, fre-
quency- and non-linear domain measures), relative to controls
(n = 94). These findings were associated with a moderate effect size
(d’s = 0.56–0.58) and highlight the important impact of disorder het-
erogeneity.

It is also important to realize that MDD and anxiety are frequently
comorbid conditions: MDD has high-comorbidities with the whole
range of anxiety disorders (Goldberg and Fawcett, 2012). Correlations
range from 0.62 for generalized anxiety disorder, 0.52 for agoraphobia

and social phobia, 0.48 for panic disorder and 0.42 for obsessive
compulsive disorder (Goldberg and Fawcett, 2012). The close re-
lationship between MDD and generalized anxiety disorder in particular,
is thought to relate to shared symptoms – especially negative affect –
and genetic risk factors (Goldberg and Fawcett, 2012). It is also relevant
therefore that MDD patients with comorbid generalized anxiety dis-
order have been shown to display the most robust reductions in HRV
(Kemp et al., 2012a). These findings may relate to patients inability to
disengage from threat detection, even in the absence of any real threat
(Kemp et al., 2012a; Thayer and Lane, 2000). This behavioural char-
acteristic may be underpinned by prolonged prefrontal inactivity, dis-
inhibition of the central nucleus of the amygdala, and activation of
medullary cardioacceleratory circuits (Kemp et al., 2012a; Thayer et al.,
2009).

The mood and anxiety disorders themselves, are often comorbid
with alcohol dependence (e.g. Merikangas et al., 1998), a condition that
has also been associated with a body of contradictory evidence. A large
study on 2947 participants from the NESDA cohort (Boschloo et al.,
2011) had reported that alcohol use, but not its dependence, is asso-
ciated with dysregulation of the hypothalamic-pituitary-adrenal axis
and the ANS. Critically however, heavy drinkers only displayed an in-
creased heart rate, but no decreases in HRV, as measured by RSA.
However, the more recent meta-analysis on patients with alcohol de-
pendence (n = 177) (Quintana et al., 2013c) observed a lowered HRV
in this patient group (relative to non-dependent individuals, n = 216),
a finding associated with a medium effect size (Hedges’ g = −0.6).
Importantly, inclusion of the data reported by Boschloo and colleagues
(Boschloo et al., 2011) did not change the conclusions drawn in the
meta-analysis (Quintana et al., 2013c). Also, findings were not depen-
dent on comorbid psychiatric disorders. It was concluded that lowered
HRV in alcohol dependence may underpin some of the behavioral
features of the disorder including social dysfunction (Monnot et al.,
2001) and impulse control (Ingjaldsson et al., 2003).

While alcohol dependence are associated with HRV reductions,
moderate, habitual drinking (n = 25) – classified according to a score
of between 2 and 5 on the Alcohol Use Disorder Identification Test
Consumption subscale (AUDIT-C) corresponding to ∼1 standard drink,
5 days a week – is associated with an increase in resting-state, vagal
activity (HF-HRV), relative to nonhabitual drinkers (n = 22)
(d = 0.65) (Quintana et al., 2013a). Epidemiological studies indicate
that the relationship between alcohol consumption and health out-
comes reflects a J-shaped curve (Corrao et al., 2004; Elkind et al., 2006;
Hvidtfeldt et al., 2010; Stampfer et al., 1988): moderate alcohol con-
sumption confers a protective effect, relative to abstinence, while heavy
consumption and dependence is associated with poorer health. For
example, a meta-analysis on 156 studies of 15 diseases (N = 116,702)
reported a minimum risk ratio 0.80 for coronary heart disease at 20 g/
day indicating a significant protective effect, which was observed up to
72 g/day, while increased risk was obtained from 89 g/day
(RR > 1.05) (Corrao et al., 2004). We (Quintana et al., 2013a) have
previously proposed that resting (tonic) vagal activity may provide a
candidate psychophysiological marker for the findings reported in the
epidemiological literature.

Our meta-analysis on schizophrenia (Clamor et al., 2016) was
conducted to determine the robustness and size of the effect that had
been reported in prior studies. While HRV decreases had been reported,
there was considerable heterogeneity in the HRV indices that had been
selected, the type of participants recruited in studies and in the results
that had been reported. A meta-analysis was conducted on large sam-
ples of participants and a large effect size across studies was confirmed
for both RMSSD (N = 2485; Hedges’ g =−0.91) and HF-HRV
(N = 3055; Hedges’ g = −0.98), and the effect persisted even when
studies that could have been impacted on by bias were excluded from
analysis. HRV alterations were also examined across different sub-
groups of the disorder, including first-episode, chronic, acute inpatient,
stable outpatient as well as medicated and unmedicated participants,
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emphasizing the robustness of the results. This study concluded that
low HRV in schizophrenia may actually reflect an endophenotype of the
disorder. HRV reflects prefrontal cognitive function, and schizophrenia
displays complex executive dysfunction (Neill and Rossell, 2013). HRV
also reflects capacity for emotion perception and its regulation, and
schizophrenia also displays difficulties in emotion regulation (Lincoln
et al., 2015). Finally, brain regions in which activity has been asso-
ciated with HRV such as anterior cingulate cortex and medial prefrontal
cortex, have also been implicated in the development of schizophrenia
(Shepherd et al., 2012). While the large effect size associated with the
finding is striking, and this effect is greater than that observed for the
mood and anxiety disorders, direct comparisons across disorders are
rare and inconclusive (e.g. Moon et al., 2013), highlighting an im-
portant area for future research.

As for schizophrenia, borderline personality disorder (BPD) is also
associated with emotion dysregulation and is characterised by high
rates of comorbidity with mood and anxiety disorders, and substance
abuse disorders. However, only two of the 5 studies suitable for meta-
analysis actually reported statistically significant differences between
BPD participants and controls. The meta-analysis on BPD (Koenig et al.,
2016) therefore sought to quantify the evidence for alterations in
resting state HRV, relative to healthy controls (N = 200). A reduction
in resting-state HRV was confirmed, a finding associated with a medium
effect size (Hedges’ g = −0.59), highlighting the utility of meta-ana-
lysis over individual studies, which often lack statistical power. This
meta-analysis concluded that low HRV may reflect an important trait
characteristic of BPD, underpinning difficulties in emotion regulation
and impulsivity.

In addition to HRV reductions during the presence of the disorder,
we note that studies have also observed HRV reductions during eu-
thymia (Braeken et al., 2013; Brunoni et al., 2013; Chang et al., 2013b).
These findings suggest that vagal impairment may actually persist de-
spite successful treatment, perhaps providing a psychophysiological
mechanism for the observation that previously depressed individuals
are more vulnerable to future episodes of depression, a phenomenon
known as ‘kindling’ (Post, 1992). While it is possible that these per-
sistent reductions in HRV relate to the impact of medications including
antidepressants (Kemp et al., 2010; Kemp et al., 2014a; Licht et al.,
2010) and medications with anticholinergic effects (often prescribed for
hypertension and cardiovascular disease) we recently demonstrated
that unmedicated women with a history of – but not current – anxiety
disorders display decreased HRV (RMSSD d = 0.58; HF-HRV d = 0.72)
(Braeken et al., 2013). Strikingly, we also observed (Braeken et al.,
2013) that 2–4 month old offspring of pregnant women with a past
history – but not current – anxiety also display HRV reductions (RMSSD
d = 0.63; HF-HRV d = 0.63). These decreases in HRV at 2–4 months of
age also predicted fearful behaviour at 9–10 months of age, pointing to
possible underlying mechanisms of future psychopathology. In another
study (Brunoni et al., 2013) HRV did not change following treatment
with either a non-pharmacological (transcranial direct current stimu-
lation) or pharmacological (sertraline) intervention, nor did HRV in-
crease with clinical response to either treatment. Another study on an
unmedicated, physically healthy sample (Chang et al., 2013b) observed
that while HRV resolved in patients with fully remitted MDD, auto-
nomic dysregulation was still observed in those remitted patients with a
history of suicidal ideation. Further study on the potential of other non-
pharmacological therapies (e.g. psychological therapies, exercise,
meditation and HRVB) to normalize vagal impairment will likely have
major public health significance.

In addition to health behaviours such as exercise and meditation
(see previous sections), it is worth noting research interest in applying
HRV biofeedback (or HRVB) in the treatment of a variety of psychiatric
disorders including depression, anxiety and PTSD (Gevirtz, 2013;
Lehrer and Gevirtz, 2014). While adults generally breathe at 9–24
breaths per minute (or 0.15 and 0.4 Hz, the frequency range of HF-
HRV), HRVB involves slowing breathing rates to approximately 6

breaths per minute with a focus on prolongation of the outbreath. When
people breathe normally, heart rate is partially out of phase with re-
spiration such that heart rate increases (decreases) tend to follow in-
halation (exhalation) at the mid-breath point. It has been speculated
that this out-of-phase relationship allows the greatest degree of cardi-
orespiratory flexibility to the organism (Lehrer and Gevirtz, 2014).
However, when people slow their breathing to ∼6 breaths per minute
(∼0.1 Hz) (increasing power in LF-HRV) heart rate begins to oscillate
with breathing at a 0° phase relationship, such that heart rate starts
increasing at the beginning of inhalation and starts decreasing as ex-
halation begins (Lehrer and Gevirtz, 2014). When people breathe at this
rate they are said to be “exercising their baroreflex” leading to more
efficient gas exchange and oxygen saturation (Shaffer et al., 2014). A
single-session of slow breathing and HRV biofeedback has been shown
to enhance HRV and decrease self-reported anxiety in anxious musi-
cians during stressful performance (Wells et al., 2012). Again, vagal
afferent pathways may explain some of the observed beneficial central
effects of HRVB (Lehrer and Gevirtz, 2014) including enhanced atten-
tion and alertness, and reduced anxiety. While it is unlikely that HRVB
will be a magic bullet that many are after in psychiatry, it’s utility as a
secondary and complimentary option remains to be systematically ex-
amined in well-controlled trials.

7.2. Summary

These findings highlight that low HRV is displayed in a wide range
of psychiatric disorders and have led us to propose HF-HRV as an au-
tonomic, transdiagnostic biomarker of mental illness (Beauchaine and
Thayer, 2015). This impairment in vagal function may contribute to
some of the characteristic features (e.g. emotion dysregulation) com-
monly observed across these disorders. Critically, vagal impairment
often does not improve with amelioration of symptoms, and this im-
pairment may even impact on the offspring of mothers with prior
psychiatric illness (Braeken et al., 2013), highlighting the need for
further studies to identify treatment options to normalize vagal function
in these populations. The long-term consequences of reduced vagal
function on physical health are the issues we turn our attention to next.

7.3. Vagal function and physical health

Research has highlighted an intimate relationship between psy-
chological and physical wellbeing, and vagal function may provide a
structural link (see Kemp and Quintana, 2013 for review). Meta-ana-
lysis on 35 studies investigating mortality in initially healthy popula-
tions (Chida and Steptoe, 2008) reported that positive psychological
wellbeing is associated with reduced mortality in healthy individuals.
Stronger protective effects were observed for studies of initially healthy
populations with follow-ups of up to 10 years. Analyses of different
causes of death revealed that wellbeing was associated with reduced
all-cause mortality (19% reduction in hazard ratio) and cardiovascular
mortality (29% reduction). Importantly, these findings are based on
multivariate models with appropriate adjustment for potential con-
founding factors. By contrast, a study on more than 65,000 people from
the general population who were free from cardiovascular disease and
cancer at baseline reported that psychological distress increases risk of
mortality in a dose-response pattern by up to 94% over 8 years (Russ
et al., 2012). Again findings remained highly significant even after
controlling for important behavioural and lifestyle factors. Finally, a
recently published meta-review on 20 different mental disorders in over
1.7 million patients reported that all disorders have an increased risk of
all-cause mortality, relative to the general population. Strikingly, all
major mental disorders were associated with reductions in life ex-
pectancy (7–24 years), which was similar to or greater than the effects
of heavy smoking (8–10 years) (Chesney et al., 2014).

We and others have previously reviewed the literature on the role of
vagal function in morbidity and mortality (Kemp and Quintana, 2013;
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Thayer et al., 2010c), and have suggested that chronic vagal impair-
ment may have a ‘wear and tear’ effect on the human body (Verkuil
et al., 2010). These effects include increases in the electrical instability
of the heart, platelet aggregability, coronary vasoconstriction and left-
ventricular wall stress (Schwartz and Priori, 1990). A prospective study
on 1933 participants aged 18–65 years from the Netherlands Study of
Depression and Anxiety (NESDA) study, reported that ANS dysregula-
tion predicts development of the metabolic syndrome (Licht et al.,
2013). ANS measures included heart rate, RSA, pre-ejection period (or
PEP, a marker of noradrenergic ionotropic drive to the left ventricle
such that shortened PEP reflects increases in sympathetic activity),
cardiac autonomic balance (CAB) and cardiac autonomic regulation
(CAR). The CAB and CAR indices provide two useful measures of au-
tonomic balance (Berntson et al., 2008). High values on CAB reflect a
favourable cardiac pattern of low sympathetic (indexed by PEP) and
high vagal (RSA) cardiac activity, while low (high) values on CAR re-
flect coinhibition (coactivation) of the two cardiac branches. This study
(Licht et al., 2013) defined metabolic syndrome by the Adult Treatment
Panel III criteria (Grundy et al., 2005), which included high waist cir-
cumference, serum triglycerides, blood pressure, serum glucose, and
low high-density lipoprotein (HDL) cholesterol. Baseline quartiles of
heart rate, PEP, CAB were associated with new onset of the metabolic
syndrome among those without metabolic syndrome at baseline. Higher
heart rate was associated with an increase in the odds for new onset of
metabolic syndrome (OR = 1.97), while higher PEP and CAB were
associated with a decrease in the odds for new onset (OR = 0.46 and
OR = 0.57, respectively). How might high CAB reduce odds for meta-
bolic syndrome? Vagal function is known to play an important role in
regulating the inflammatory reflex (Tracey and Pavlov, 2012), a neural
mechanism involved in metabolic homeostasis and control of innate
immune responses. In this regard, high CAB may reflect a healthy anti-
inflammatory reflex (see Kemp and Quintana, 2013; Tracey and Pavlov,
2012 for reviews), contributing to better regulation of proinflammatory
cytokine activity and protecting against other metabolic complications
(Donath and Shoelson, 2011; Hotamisligil, 2006). Decreased HRV has
been shown to precede elevated levels of inflammatory markers
(Jarczok et al., 2014), thus, interventions that increase HRV may have
positive effects on diseases of inflammation and metabolic syndrome
via downstream pathways including the SNS.

Short-term, resting and ambulatory measures of HRV decrease with
increasing age (Agelink et al., 2001; Jennings and Mack, 1984;
Yeragani et al., 1997), and age is associated with increasing morbidity
and mortality, highlighting age as an important confounding variable in
studies exploring associations between vagal function, morbidity and
mortality. Cross-sectional research on 344 healthy participants ranging
from 10 to 99 years of age (Zulfiqar et al., 2010) highlighted that HRV
(RMSSD, pNN50) – extracted from 24-h ambulatory Holter recordings –
decreases rapidly from the second to fifth decades (r =−0.58), this
decrease then reaches a nadir in the 8th decade, after which a sig-
nificant, progressive increase to higher levels is observed. At the nadir,
RMSSD had decreased 64% and pNN50 88% from the second-decade
baseline values, while the tenth decade was characterised by increases
in RMSSD and pNN50 of 58% and 233% respectively, characteristic of
values obtained during the fifth-decade. It is possible that this latter
increase reflects a survival bias, such that older participants with low
HRV may have already died before the study was conducted, leading to
an artificial increase in HRV following the 8th decade. Even so, findings
still highlight the tight connection between vagal function, ageing and
longevity. The authors themselves concluded that persistently high
HRV in the elderly is predictive of longevity.

Research has typically focused on populations with current cardio-
vascular disease, and examined the capacity for HRV to predict future
adverse events (see Carney and Freedland, 2009 for a review) (see also
Bigger et al., 1988; Huikuri and Mahaux, 2003; Karp et al., 2009).
Findings indicate that HRV accounts for a substantial part of the risk
associated with depression in CHD. For example, a study on 311

depressed patients with a recent acute myocardial infarction recruited
for the Enhancing Recovery in Coronary Heart Disease (ENRICHD)
study (Carney et al., 2005), reported that depressed patients remained
at a higher risk for all-cause mortality over a 30-month follow-up
period (hazard ratio: 2.8) after adjusting for potential confounders. The
authors reported that reduced very low frequency HRV based on 24-h
ambulatory Holter recordings accounted for one-quarter of the mor-
tality risk relating to depression. Another prospective study
(Carpeggiani, 2005) that followed 246 patients after myocardial in-
farction reported that personality traits including low emotional in-
sensitivity and insecurity, as well as reduced HF-HRV – measured using
24-h Holter monitoring – predicted increased risk for cardiac mortality
(relative risk = 4.18 and 2.76, respectively) up to 8-years following
initial event. Low emotional sensitivity reflects social inhibition and an
inability to express emotion, a characteristic that may be associated
with reduced HRV itself (as discussed above). This restricted capacity to
express emotion may lead to chronic distress, which will further con-
tribute to impairment in vagal function. Importantly, participants in
this study did not have a history of psychiatric illness, nor were they on
psychotropic medications.

A study in mice (Norman et al., 2012) sought to better understand
what mechanisms might underpin the increase in morbidity and mor-
tality following myocardial infarction. This study randomly assigned
animals to two experimental groups: normothermic cardiac arrest
(n = 12) or hypothermic cardiac arrest (as a control group, n = 10).
Cardiac arrest was induced through injection of potassium chloride via
a jugular catheter, and this was followed by injection of epinephreine
and chest compressions. The heads of controls were maintained at 27 °C
to prevent neurological damage. HF-HRV was observed to decrease
rapidly 24 h after experimentally induced cardiac arrest, and these
decreases were correlated with neuronal damage and microglial acti-
vation in hippocampus by day 7. This study provides important clues in
regards to the physiological consequences of cardiac arrest resulting
from cessation of blood flow to the brain (global cerebral ischemia),
and suggests that low HRV may provide a marker of subsequent brain
damage. The authors note that the hippocampus is one of the more
susceptible regions of the brain to ischemic damage, that this region
directly innervates structures within the CAN, and that stimulation of
this region is associated with decreases in heart and respiration rate.
While the authors acknowledge that the study was not able to de-
termine a causal relationship between neuroinflammation and vagal
function, their findings indicate that vagal function following cardiac
arrest may provide an index of susceptibility to neuronal damage.

Resting-state heart rate has been shown to be an independent pre-
dictor of cardiovascular and all-cause mortality in men and women
with and without a diagnosis of cardiovascular disease at initial as-
sessment (see Fox et al., 2007 for review). More recent studies (e.g.
Cooney et al., 2010; Saxena et al., 2013) on large samples have only
served to reinforce the conclusions drawn in this earlier review. The
heart is under tonic inhibitory control by the PNS during the resting
state. Resting state heart rate and HRV therefore provide surrogate
markers of vagally mediated cardiac activity, although it is noted that
measures of HRV and the high-frequency component in particular are
more pure indicators of vagal activity than heart rate (Saul, 1990). A
study on 21,853 participants from the National FINRISK cohort re-
ported a causal relationship between resting heart rate and incident
cardiovascular disease over a 6–27 year follow-up period that was in-
dependent of other risk factors (Cooney et al., 2010). Hazard ratios for
cardiovascular disease for each 15 beats/min increase in resting heart
rate were 1.24 in men and 1.32 in women. Strikingly, resting heart
rate> 90 beats/min, relative to< 60 beats/min, are associated with
approximately 2-fold increased risk of CVD mortality in men and a 3-
fold increased risk in women, findings that are similar in magnitude to
the risk associated with smoking. The possibility of reverse causality
was ameliorated in this study by replicating findings after excluding
individuals with comorbidities and events occurring within the first 2
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years of observation. A stronger effect was also observed on fatal events
leading the authors to suggest that proarrhthmogenicity may be one of
the mechanisms underpinning the deleterious effects of increased
resting heart rate. Another recent study on 53,322 patients receiving a
medical examination reported that those with a resting heart rate of
≥80 beats/min had a greater risk for cardiovascular disease (hazard
ratio = 1.38) and all-cause mortality (hazard ratio = 1.51), than those
with a resting heart rate of less than 60 beats/min over an average
follow-up period of 15 years (Saxena et al., 2013). The hazard ratios
were even higher when combining resting heart rate with a measure of
cardiorespiratory fitness. Unfit individuals with a high resting heart
rate (≥80 beats/min) had hazard ratios of 2.32 and 2.21 for cardio-
vascular disease and all-cause mortality, respectively. Importantly,
these findings were obtained after adjusting models for a host of po-
tentially confounding factors.

Similarly, meta-analysis has reported that HRV – based on a variety
of measures extracted from short- and long-term recordings – predicts
first cardiovascular event in individuals without known cardiovascular
disease over a period of 3.5–15 years (mean follow-up duration of in-
cluded studies) (Hillebrand et al., 2013). Cardiovascular endpoints in-
cluded hospitalisation for angina pectoris, myocardial infarction, con-
gestive heart failure, arterial peripheral vascular disease, coronary
revascularization, stroke and cardiovascular death. This study was
based on eight studies with a total of 21,988 participants without
known cardiovascular disease at baseline reported pooled relative risks
for a first cardiovascular event ranging from 1.35, 1.45 and 1.32 for
standard deviation of the normalised NeN interval (SDNN), LF-HRV or
HF-HRV measures respectively. This study also reported that relative
risk of incident CVD of 1.50 and 0.67 for the 10th and 90th HRV
(SDNN) percentiles relative to the 50th percentile, respectively. These
findings were based on a variety of study populations including the
Framingham Heart Study (USA, N = 2501), the Atherosclerosis Risk in
Community Study (USA, N = 11,647), Rotterdam Study (the Nether-
lands, N = 5272), as well as other smaller cohort studies. The authors
concluded that low HRV is associated with a 32–45% increased risk of
cardiovascular event, and that an increase of 1% on SDNN in particular,
results in ∼1% lower risk of fatal or non-fatal CVD at follow-up. Two
possible mechanisms were proposed including autonomic imbalance
activating inflammation by influencing bone marrow and the lym-
phoreticular system. The other suggested mechanism was that in-
dividuals with low HRV already suffer from subclinical or silent CVD.
Here we suggest a third and more likely possibility of bidirectional
relationship between disease and vagal function such that vagal im-
pairment leads to dysregulation of immune system triggering down-
stream artherosclerotic processes as described by Tracey and colleagues
(Huston and Tracey, 2010; Tracey, 2002, 2007; Tracey and Pavlov,
2012), as well as adverse effects of the disease process itself on HRV.

7.4. Summary

In summary, studies have highlighted a key role for vagal function
in longevity and its impairment as a causal factor in morbidity and
mortality. We highlight two major findings: (1) vagal function has
important long-term consequences for future health and wellbeing after
addressing multiple confounding factors, and (2) impairment in vagal
function predicts cardiovascular and all-cause mortality in those with
and without cardiovascular disease at baseline. We now synthesise the
body of literature reviewed above, and present a model that attempts to
bridge the gap from everyday psychological moments to mortality.

8. A synthesis and model

Here we propose an extended NIM that we label as Neurovisceral
Integration Across a Continuum of Time (or NIACT) (see Fig. 3). The
vagus nerve may be considered the most important nerve in the human
body, not only supporting everyday psychological moments and flexible

responding to environmental change (as we have reviewed above), but
also in playing a major regulatory role over a variety of allostatic sys-
tems thereby contributing to increases or decreases in risk for future
morbidity and mortality. Our model provides a framework through
which vagal function can be considered a critical, structural link be-
tween everyday psychological moments and mortality. An important
distinction is made between phasic and tonic measures of vagal func-
tion. Phasic changes during an activity or task reflect ongoing, moment-
to-moment psychophysiological adaptations to environmental chal-
lenge, while resting-state measures of vagal function index fundamental
psychophysiological resources that support psychological flexibility and
health that will both affect and be affected by the cascade of physio-
logical processes subsequently impacting on individual risk for mor-
bidity and mortality.

Our model explicitly recognises bidirectional relationships between
vagal function and psychological moments, which over time will con-
tribute to physical disease (wellbeing) and mortality (longevity). Our
model also draws on evidence (Kok et al., 2013; Kok and Fredrickson,
2010) that highlights mutual causation between psychological mo-
ments and vagal function, such that increases (decreases) in function
will reciprocally and prospectively predict each other in an upward
(downward) spiral of reciprocal causality. Vagal nerve outflow and
connections with other cranial nerves will contribute to the capacity for
social engagement, impairment on which is a core characteristic of the
psychiatric disorders (Porges, 2011; Quintana et al., 2013b). The mood
and anxiety disorders without cardiovascular disease display impaired

Fig. 3. Neurovisceral Integration Across a Continuum of Time (NIACT) characterising the
link between psychological moments to mortality: the extent of neurovisceral integration
is dependent on vagal functioning and underpins experience of psychological moments
(Fig. 1). Impaired vagal function leads to psychophysiological rigidity, dysregulation of
allostatic processes, psychiatric illness, disease and mortality. By contrast, a properly
functioning vagus is associated with psychophysiological flexibility, improved control
over allostasis, resilience, wellbeing and longevity. The model highlights mutual causa-
tion (bidirectional associations) between vagal nerve function, psychological moments,
psychiatric illness (resilience) and disease (wellbeing).
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vagal function (Kemp et al., 2010, 2012a), which may subsequently
trigger the inflammatory cascade (Kiecolt-Glaser et al., 2002) and al-
lostatic load (Danese and McEwen, 2012; McEwen, 1998) leading to
morbidity and mortality. On the other hand, physical disease may also
contribute to the development of psychiatric illness. Recent population-
based, prospective cohort studies – on 3.56 million people with more
than 77 million person-years of follow-up (Benros et al., 2011, 2013) –
show for example, that hospitalisation for autoimmune diseases and
severe infection increase the risk for schizophrenia and mood disorders
in a dose-response relationship.

Our model has a variety of implications for scientific endeavour and
public health outcomes. For instance, heart rate monitoring may pro-
vide a useful – and relatively simple – means to predict and promote
longevity especially in the elderly and other at-risk populations. While
age decreases vagal function, there are many interventions that may be
applied to combat such decreases including a variety of health beha-
viours, meditation, and positive psychological interventions.
Improvements in technology provide many opportunities for in-
dividuals to track their own vagal function without need for health care
involvement. Health behaviours including physical activity, dietary
changes, and reducing alcohol and tobacco consumption directly im-
pact on vagal function and provide simple, effective interventions to
improve public health. Research has highlighted the beneficial effects
of positive psychological interventions on risk for future cardiac out-
comes (Boehm and Kubzansky, 2012; Dubois et al., 2012; Sin and
Lyubomirsky, 2009), and these effects may persist over and above ad-
dressing chronic negative emotions. Importantly, there appears to be a
bidirectional relationship between emotion and vagal function, such
that one predicts the other in an upward (or downward?) spiral of re-
ciprocal causality (Kok et al., 2013; Kok and Fredrickson, 2010). The
possibility of mutual causation between an emotion and vagal function
is a powerful idea: by altering a psychological moment, we have an
opportunity to harness an upward spiral of positive mood, resilience
and longevity.

8.1. Summary

In summary, we characterise vagal function as a critical, missing
link that may help to bridge the gap between everyday psychological
functioning and mortality. This proposal is founded on a series of em-
pirically supported relationships, suggesting that vagal function may
provide an appropriate target for improved health and wellbeing. We
now turn our attention to some of limitations associated with prior
research and provide a number of recommendations for future research.

9. Theoretical conundrums&methodological limitations

The body of research reviewed above provides considerable evi-
dence on which our proposal is based: that vagal function may provide
the missing structural link between everyday psychological moments
and mortality. People’s reactions to everyday moments both affect and
are affected by the vagus in ways that have long-term effects on mor-
tality. However, the literature is also characterised by a variety of
theoretical conundrums and contradictory findings. We briefly review
and comment on some examples below, an effort we hope will motivate
and inspire future studies to further explore some of the issues raised,
bearing in mind the various methodological limitations noted.

Firstly, a meta-analysis (N = 11,162) has demonstrated robust
ethnicity effects on HRV – including short-term measures of HF-HRV,
RSA and RMSSD – demonstrating that African Americans have higher
HRV than individuals with a white European background (Hedges
g = 0.93) (Hill et al., 2015). These findings were observed even after
consideration of several covariates including health status, medication
use, and subgroup stratification by sex and age. Curiously, African
Americans also have higher mortality rates from coronary heart disease
and stroke (Keenan and Shaw, 2011), a surprising finding considering

that increased HRV is usually associated with reduced, not increased
risk for cardiovascular disease, a phenomenon we (Hill et al., 2015)
have labeled as a cardiovascular ‘conundrum’ (Kemp et al., 2016b).3

Secondly, research on eating disorders – and a systematic review on
bulimia nervosa in particular – has observed increased – not decreased
– resting state vagally-mediated HRV, as well an impaired stress-re-
sponse. Bulimia nervosa is a serious mental illness characterized by
recurrent episodes of binge-eating and subsequent compensating be-
haviours such as self-induced vomiting and over-exercising. We de-
scribed several behavioural factors that might contribute to heightened
HRV in this disorder including compensation for a lack of energy pro-
vided by nutrition, over-exercising, and self-induced vomiting leading
to supra-threshold vagal activation. By contrast, a review on anorexia
nervosa (Mazurak et al., 2010) concluded that the body of literature has
been contradictory and that these contradictory findings may be a re-
sult of methodological limitations including age, BMI, illness duration,
and comorbidity with other psychiatric disorders including depression
and anxiety. Contradictory findings highlight the need for meta-ana-
lytic studies, in addition to further research on larger samples that
better control for confounding variables, and harness the rigour of re-
peated measures and longitudinal designs. Like that for anorexia ner-
vosa, it is noted that the systematic review on bulimia nervosa was not a
meta-analysis.

Thirdly, other lines of evidence indicate that high levels of vagal
function may be observed in individuals at risk of mania (Gruber et al.,
2008) and in bipolar disorder (Gruber et al., 2011). Participants char-
acterised by high – relative to low risk – for mania, according to the
Hypomanic Personality Scale (HPS) (Eckblad and Chapman, 1986),
display elevated positive emotion and tonic vagal function (d = 0.53)
at rest (based on a 90-s pre-film baseline when participants were
completing questionnaires), as well as during presentation of positive,
negative and neutral films (d = 0.47) (Gruber et al., 2008). Although
this study was based on young adults (N = 90), the HPS captures ele-
vations in positive mood states and high-scorers on this measure have
been shown to overlap with bipolar patients. Another study by these
authors reported that patients with bipolar disorder (n = 23) display
smaller decreases in RSA – as determined by the peak-valley method –
during emotion-eliciting films, compared to non-clinical controls
(n = 24) (d = 0.61) (Gruber et al., 2011). Interestingly, this study
further reported that mean RSA levels (prior to computing change
scores) were higher for bipolar patients compared to controls. Further
research is needed on bipolar disorder, including investigating the
impact of different phases of the illness within patients and in com-
parisons with other diagnostic groups, as well as meta-analysis, which
may help to clarify the impact of this disorder on vagal function.

In addition to potential methodological limitations, these contra-
dictory findings highlight a need for further research to better under-
stand the moderating and mediating mechanisms underpinning, not
only chronic alterations in vagal function, but also in the downstream
causal pathways leading to increased morbidity and mortality in the
context of established risk markers such as hypertension, diabetes, ab-
normal cholesterol, and modifiable factors including smoking, physical
activity, and obesity. Research methodologists argue that “we better
understand some phenomenon when we can answer not only whether X
affects Y, but also how X exerts its effect on Y, and when X affects Y and
when it does not…” (Hayes, 2013) In this regard, “the how question
relates to the underlying psychological, cognitive, or biological process
that causally links X to Y, whereas the ‘when’ question pertains to the
boundary conditions of the causal association…” (Hayes, 2013) Re-
searchers need to move beyond questions like “is there an effect?” to
questions such as “when do effects appear?” (moderation), “how do

3 Since this manuscript was submitted for review, we have published a more recent
article on the Brazilian population that shows discrimination mediates increased HRV in
‘Blacks’ versus ‘Whites’.
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effects arise?” (mediation), and “how strong are these effects?” (effect
size) (Cumming, 2012; Hayes, 2013). In doing so, researchers will gain
better understanding of the causal pathways involved and clarify
whether, how and when these effects (HRV reductions) lead to mor-
bidity and mortality. This approach would also provide an ideal method
of testing the model we propose here, determining whether vagal
function provides a structural link between psychological moments and
mortality.

9.1. Summary

In summary, while the extant research provides a solid foundation
on which we propose a key role for vagal function in the pathway from
psychological moments to mortality, studies have also been char-
acterised by a variety of limitations, contradictory findings and inter-
pretative issues, highlighting a need for continued study to further
understand the relationship between everyday psychological moments
and mortality. Further research is especially needed on how (media-
tion) and when (moderation) vagal function impacts on downstream
pathways. While studies have typically emphasised the direct effects of
downstream processes – such as insulin resistance and inflammatory
processes – on cardiac function, research has only recently begun to
account for the central effects on autonomic cardiovascular control
(Harrison et al., 2013; Ryan et al., 2013)

10. Conclusions

Here we propose that the function of the vagus nerve provides an
critical structural link between everyday psychological moments and
mortality, a proposal we label as Neurovisceral Integration Across a
Continuum of Time (or NIACT). This proposal has important implica-
tions for the study of (1) emotion and cognition, including the need for
experimental studies incorporating additional measures of PNS and SNS
function to better understand brain-body linkage, (2) psychiatric dis-
orders, including the need to conceptualise these conditions as ‘embo-
died’ disturbances, rather than brain disorders, (3) treatments for psy-
chiatric and physical illness, including the mechanisms through which
they may mediate their effects, and (4) morbidity and mortality from a
host of conditions, including the need for path modelling in long-
itudinal epidemiological studies exploring the impact of vagal function
over and above established risk markers. We have synthesised and in-
tegrated the exciting research that is being conducted at the intersec-
tion of psychology, psychiatry and epidemiology. In conclusion, we
argue that there is a critical need for more basic and applied research to
better understand neurovisceral integration between brain and body
function especially over the continuum of time. This research may have
important theoretical and public health significance including a better
understanding of the relationship between everyday psychological
moments and mortality.
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Career overview 
Associate Professor Kemp is an interdisciplinary academic, with research interests that span cognitive and 
affective neuroscience through to epidemiology, bridging the gap between biological mechanism and public 
health. Unlike many academics at his age and stage of career, he successfully secured his own salary for more 
than ten-years from internationally-competitive funding bodies including Australia’s National Health and 
Medical Research Council and international institutions (Brazil’s University of Sao Paulo), allowing him to 
focus his efforts on research while employed at leading academic institutions worldwide. He is a new breed of 
scientist who has successfully made the world his laboratory, by working at institutions in Australia, Brazil 
and the United Kingdom, fostering international collaborations and making use of increasingly accessible, 
open scientific data. Kemp’s research activities and contributions to the literature have been recognised 
internationally including the award of fellow status at the Association for Psychological Science (2017), an 
invitation from the University of Washington (USA) to work on the Global Burden of Disease project (2014 
– present) as an expert in the field, selection for membership to the Global Young Academy (Germany) in 
recognition of research achievements and commitment to academic and societal impact (2014), the award of 
one of the first-ever research-intensive professorships offered by the University of São Paulo (Brazil) to 
international researchers (2013), and two promotions (2007, 2012) at the University of Sydney in Australia, 
one of the Group of Eight universities, for outstanding research contributions, teaching excellence and 
scholarship. 
Over the course of his career, Kemp has published more than 140 peer-reviewed articles (since 2001) 
including three books and this scholarly output has generated 11,720 citations, a Google Scholar h-index of 
54, (SciVal h-index = 43) and field weighted citation impact (FWCI) of 15.88, indicating that his publications 
are 15 times more cited than the average publication in his field. 
Academic impact in Australia: From 2004 until 2012, Kemp was employed at the University of Sydney, 
supported by two highly competitive National Health and Medical Research Council research fellowships – 
including a Career Development Award – that he personally secured. In 2010, he led a major meta-analysis on 
cardiac function in patients with major depression to publication in the prestigious journal Biological 
Psychiatry, a leading journal in the field with a normalised eigenfactor of 8.90 and impact factor of 11.21. This 
article addressed a particularly controversial question in the field at that time, that being whether patients with 
major depression also display adverse cardiac function. The findings indicated that this was the case and as 
other researchers had previously concluded otherwise, this conclusion generated much discussion, debate and 
an invitation to move to Brazil as a Visiting Professor, which Kemp accepted. This study has now attracted 
352 (Scopus) citations and a Field-Weighted Citation Impact of 7.56.  
Academic impact in Brazil: Between 2013 and 2015, as a Visiting Professor at the University of Sao Paulo in 
Brazil, Kemp worked on the largest study on the health and wellbeing of the Brazilian population. Following 
on from his highly influential study in Biological Psychiatry, he led several major outcomes to publication 
including one in the American Journal of Psychiatry, another leading journal in the field with a normalised 
eigenfactor of 5.4 and an impact factor of 12.30. This study represented a conceptual step forward in the 
investigation of common mental disorders, their treatments and cardiac function. By introducing a novel and 
robust methodological approach involving machine-learning algorithms to answer important questions in the 
field on the link between mental and physical health, it has led to new lines of enquiry focusing on the physical 
health of otherwise healthy patients with common mental disorders. This study is now in the top 1% of articles 
published in the field, having attracted 42 (Scopus) citations and has a Field-Weighted Citation Impact (FWCI) 
of 6.72.  
Kemp has a strong track record of implementing robust statistical methods in his research activities including 
modern path modelling, options for modelling non-linearity, application of new methods designed to better 
estimate causal effects on observational datasets, and methods designed to be robust to violated assumptions 
such as zero inflated data, leading to important and highly-cited contributions to the literature.  
Academic impact in United Kingdom: In 2016, Kemp secured a tenured position as Associate Professor of 
Psychology at Swansea University in the United Kingdom, and is now focused on continuing his 
internationally competitive and productive program of research in Europe. Over the course of his career, Kemp 
has published more than 140 peer-reviewed original articles and reviews in prestigious, peer-reviewed, 
international journals including The Lancet, American Journal of Psychiatry, Molecular Psychiatry and 
Neuroscience and Biobehavioral Reviews. His publications have attracted more than 11,000 (Google Scholar) 
citations leading to an h-index of 54 (according to Google Scholar) and 45 (according to Scopus). According 
to ResearchGate, he is regularly the most cited academic at his institution. Most recently, he has published two 
invited and innovative reviews – one in the prestigious Neuroscience and Biobehavioral Reviews, and the 
other, in an edited book – that build a case for a new transdisciplinary programme of research spanning 
psychological moments through to epidemiology and public health.   
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Ten years track-record  
 
Over the course of his scientific career, Kemp has achieved a Scopus h-index of 45 (Google Scholar, h-index 
= 54) and published more than 140 peer-reviewed articles in international journals, generating 11,720 
citations and a field weighted citation impact (FWCI) of 15.88.  
 
Representative publications  

1. Kemp, A.H., Brunoni, A. R., Santos, I. S., Nunes, M. A., Dantas, E. M., Carvalho de Figueiredo, R., et al. 
(2014). Effects of depression, anxiety, comorbidity and antidepressants on resting-state heart rate and its 
variability. American Journal of Psychiatry, 171(12):1328-34. doi: 10.1176/appi.ajp.2014.13121605. Epub 
2014 Oct 31. A M O N G  T H E  T O P  1 %  O F  A R T I C L E S  P U B L I S H E D  I N  T H E  F I E L D ,  THIS STUDY HAS 
ATTRACTED 4 2  ( S C O P U S )  C I T A T I O N S  A N D  H A S  A  FWCI O F  6 .7 2 .  

2. Kemp, A.H., Fráguas, R., Brunoni, A.R., Bittencourt, M.S., Nunes, M.A., Dantas, E.M., et al. (2016). 
Differential Associations of Specific Selective Serotonin Reuptake Inhibitors With Resting-State Heart 
Rate and Heart Rate Variability: Implications for Health and Well-Being. Psychosomatic Medicine, 78(7), 
810–818. doi: 10.1097/PSY.0000000000000336 PUBLISHED IN A HIGHLY INFLUENTIAL JOURNAL 
(NORMALISED EIGENFACTOR SCORE = 1.8; IF=3.968), THIS STUDY EXTENDS ON KEMP’S EARLIER STUDY 
PUBLISHED IN THE PRESTIGIOUS AMERICAN JOURNAL OF PSYCHIATRY (NORMALISED EIGENFACTOR 
SCORE = 5.4).  

3. Kemp, A.H., Koenig, J., & Thayer, J. (2017). From Psychological Moments to Mortality: A 
Multidisciplinary Synthesis on Heart Rate Variability Spanning the Continuum of Time. Neuroscience 
and Biobehavioral Reviews, 1–67. A NOVEL THEORETICAL FRAMEWORK PUBLISHED IN THE PRESTIGIOUS 
JOURNAL NEUROSCIENCE & BIOBEHAVIORAL REVIEWS (NORMALISED EIGENFACTOR SCORE = 4.6; 
IF=9.440).  

4. Kemp, A.H., López, S.R., Passos, V.M.A., Bittencourt, M.S., Dantas, E.M., Mill, J.G., et al. (2016). 
Insulin resistance and carotid intima-media thickness mediate the association between resting-state heart 
rate variability and executive function: A path modelling study. Biological Psychology, 117, 216–224. 
http://doi.org/10.1016/j.biopsycho.2016.04.006 PUBLISHED IN A HIGHLY INFLUENTIAL JOURNAL IN 
PSYCHOLOGY (NORMALISED EIGENFACTOR SCORE = 1.7; IF=3.399), THIS RECENT STUDY HAS ALREADY 
ATTRACTED 3 CITATIONS AND OBTAINED A FWCI O F  1 .8 9 .   

 
Selected invited presentations (last 5 years) 
1. Kemp, A.H. (2017). Pathways to health and wellbeing: A focus on the vagus nerve. Invited seminar to 

MRC Cognition and Brain Sciences Unit, Cambridge University, United Kingdom. 
2. Kemp, A.H. (2016). Are emotions natural kinds or psychological constructions? Invited presentation to 

Human Affectome Project, Halifax, Canada. 
3. Kemp, A.H. (2016). Heart rate variability: A structural link between mental and physical health? Invited 

presentation to the Heart Institute (INCOR), University of Sao Paulo, Brazil. 
4. Kemp, A.H. (2015). From Psychological Moments to Morbidity: A Synthesis on Vagal Function. Invited 

presentation to School of Psychology at University of Surrey, United Kingdom. 
5. Kemp, A.H. (2014). Heart rate and its variability: a structural link between emotion, physical health and 

longevity? Invited presentation to the Brain, Emotion and Cognition Symposium at the Institute of 
Cognitive Neurology (INECO), Buenos Aires, Argentina. 

6. Kemp, A.H. (2014). War on Science and Active Hope. Invited presentation to the Global Young 
Academy, Annual General Meeting, Chile. 

7. Kemp, A.H. (2013). The relationship between mental and physical health. Invited presentation at the 31st 
Brazilian Congress of Psychiatry, Curitiba, Brazil. 

8. Kemp, A.H. (2013). Heart rate variability in the ELSA cohort: Early Insights. Invited presentation to the 
Congress of the Society of Cardiology, Brazil. 
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To Include or Not to Include? A Response to the
Meta-Analysis of Heart Rate Variability and Depression

To the Editor:

I n a recent article in Biological Psychiatry, Kemp et al. (1) reviewed
and meta-analyzed the impact of antidepressants and major
depressive disorder on heart rate variability (HRV). To their

credit, they confined their analyses to unmedicated patients, be-
cause antidepressants have been shown to impact on HRV (2– 4).
However, to avoid potential confounding effects of cardiovascular
disease (CVD) on HRV, Kemp et al. (1) also chose to confine their
analyses to subjects without CVD. This led the authors to discard all
studies that included control subjects or patients with CVD, even if
these patients made up only a small percentage of the sample.
Among others, they excluded the largest study to date on this topic,
which we published in 2008 (2). When we excluded the 6% CVD
patients and users of cardiac medication, we still had data of 1085
subjects with major depressive disorder and 486 control subjects.
This gives this single study a larger sample size than the total sam-
ple size across the 19 different studies used in the meta-analysis of
Kemp et al. (1).

We reran our analyses after excluding CVD patients and users of
cardiac medication. The results, which we had offered to Dr. Kemp,
are summarized in Table 1. Table 1 depicts heart rate variability in
the respiratory frequency range (HRV-RSA) for control subjects,
depressed subjects not using antidepressants, and depressed sub-
jects using different antidepressants. Analyses of variance, adjusted
for relevant covariates, clearly show that antidepressant use but not
major depression per se reduces HRV-RSA. Comparing Table 1 with
our previous findings (2) shows that the exclusion of CVD patients
and users of cardiac medication did not result in different findings.
In our opinion, Kemp et al. (1) were wrong to exclude our study and
other studies with a small percentage of comorbid CVD patients
from their meta-analysis. Considering the size of our sample, our
study alone would have had considerable impact on the outcome,
perhaps to the extent that it would change the results of the meta-
analysis and would lead to the conclusion that depression is not
associated with lower HRV.

Our results in Table 1 also conflict with a second message in the
article of Kemp et al. (1). Based on 92 patients in five studies, they
concluded that 3 to 6 weeks of selective serotonin reuptake inhibi-
tor (SSRI) treatment did not influence HRV-RSA. In 397 of our pa-
tients, current SSRI use was associated with a significant decrease in
HRV-RSA. We recently showed in the 2-year follow-up data of our

Table 1. Effects of Major Depressive Disorder and Antidepressants on Hear

n Mean � SE

Control Subjects 486 49.3 � 1.0
MDD No Medication 1085 47.3 � 1.0
MDD on TCA 59 30.9 � 2.9
MDD on SSRI 397 40.0 � 1.1
MDD on Other AD 124 35.2 � 2.0

2151

Adjusted for respiration rate, age, sex, education, body mass index, phys
effect sizes are for comparison with control subjects, which form the referen
AD, antidepressant; HRV-RSA, heart rate variability in the respiratory freque
selective serotonin reuptake inhibitor; TCA, tricyclic antidepressant.

0006-3223/$36.00
tudy (5) that this effect may be causal, because taking up SSRIs
educed HRV-RSA, whereas quitting SSRIs largely reversed the ef-
ect on HRV-RSA. We conclude, therefore, that a possible detrimen-
al effect of antidepressant medication on HRV cannot yet be dis-

issed.
All authors report no biomedical financial interests or potential

onflicts of interest.
Carmilla M.M. Licht

epartment of Psychiatry
MGO Institute and Neuroscience Campus Amsterdam
U University Medical Center
msterdam, The Netherlands

Brenda W. Penninx

epartment of Psychiatry
MGO Institute and Neuroscience Campus Amsterdam
U University Medical Center/GGZ InGeest
J Ernststraat 887
081 HL Amsterdam
he Netherlands
-mail: b.penninx@vumc.nl

Eco J.C. de Geus

epartment of Biological Psychiatry
MGO Institute and Neuroscience Campus Amsterdam
U University
msterdam, The Netherlands

. Kemp AH, Quintana DS, Gray MA, Felmingham KL, Brown K, Gatt JM
(2010): Impact of depression and antidepressant treatment on heart rate
variability: A review and meta-analysis. Biol Psychiatry 67:1067–1074.

. Licht CM, de Geus JCN, Zitman FG, Hoogendijk WJ, van Dyck R, Penninx
BWJH (2008): Association between major depressive disorder and heart
rate variability in the Netherlands Study of Depression and Anxiety
(NESDA). Arch Gen Psychiatry 65:1358 –1367.

. Licht CM, de Geus JCN, van Dyck R, Penninx BWJH (2009): Association
between anxiety disorders and heart rate variability in the Netherlands
Study of Depression and Anxiety (NESDA). Psychosom Med 71:508 –518.

. van Zyl LT, Hasegawa T, Nagata K (2008): Effects of antidepressant treat-
ment on heart rate variability in major depression: A quantitative review.
Biopsychosoc Med 2:12.

. Licht CM, de Geus EJ, van Dyck R, Penninx BW (in press): Longitudinal
evidence for unfavorable effects of antidepressants on heart rate variabil-
ity [published online ahead of print September 16]. Biol Psychiatry.

oi:10.1016/j.biopsych.2010.06.034

Variability

HRV-RSA

t p Value Effect Size Cohen’s d

REF REF REF
�1.589 .11 .068
�5.979 �.001 .816
�6.124 �.001 .411
�6.318 �.001 .628

ctivity, smoking, alcohol use, and chronic disease. All t values, p values, and
oup.
t Rate

ical a
ce gr
ncy range; MDD, major depressive disorder; REF, reference group; SSRI,

BIOL PSYCHIATRY 2011;69:e1
© 2011 Society of Biological Psychiatry
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Is Heart Rate Variability Reduced in Depression Without
Cardiovascular Disease?

To the Editor:

W e appreciate the opportunity to respond to the criticism
of our recent study (1) on the impact of depression and
antidepressant treatment on heart rate variability

(HRV). The commentary by Licht et al. (2) raised two key issues: 1)
we should have included, not excluded, studies on patients with
comorbid cardiovascular disease (CVD), and 2) we cannot dis-
miss a detrimental effect of antidepressant medication, particu-
larly selective serotonin reuptake inhibitors (SSRIs), on HRV.
While we strongly reject the argument that we should have
included patients with CVD in our meta-analysis, we agree, in
part, with the second issue raised. While our article concluded
that antidepressant medication (except for tricyclic medication)
has minimal impact on HRV, we stated explicitly that future
studies are needed to confirm the impact of treatment using a
longer posttreatment period. Licht et al. (2) also present new
data in their commentary, reporting that “antidepressant use
but not major depression per se reduces HRV.” Although they
had offered us these data to include in our meta-analysis, we
decided not to incorporate their data into analyses for a number
of reasons, including methodological concerns, which we elab-
orate on below, and the unpublished nature of the dataset.
Therefore, in addition to responding to the two criticisms that
were raised over our meta-analysis, we would also like to make a
few comments on their own data and their interpretations and
provide some recommendations for future research.

Our meta-analysis (1) indicated that major depressive disor-
er (MDD) without CVD is associated with reductions in HRV and

hat nonlinear measures may be more sensitive to these reduc-
ions. We also reported that antidepressants—at least in the
hort term— do not reverse the observed reductions. Pilot data
rom an independent sample of unmedicated outpatients with

DD who did not have comorbid CVD (Table 1) provide further
upport for the conclusions we drew from our meta-analysis (1).
atients with MDD (n � 21) displayed reduced HRV during 4
inutes of resting state in comparison with healthy control

ubjects (n � 27) across time domain, frequency domain, and
onlinear HRV measures. These findings highlight that un-

reated patients with depression display reductions in HRV, a
nding rejected by Licht et al. (2) Our meta-analysis employed

strict criteria with respect to inclusion and exclusion criteria to

Table 1. Effects of Major Depressive Disorder on Heart Rate Variability

Mean � SE
MDD

(n � 21)

Control Subjects
(n � 27)

Mean � SE F p Value

SDNN 32.35 (2.1) 39.32 (1.9) F(1,46) � 5.76 .02
HF 32.13 (4) 46.68 (3.5) F(1,46) � 7.55 .009
LF/HF Ratio 2.37 (.4) .94 (.4) F(1,46) � .89 .011
DFA�1 1.05 (.1) .9 (.1) F(1,46) � 4.29 .042

Note: Kubios heart rate variability analysis software (http://kubio-
s.uku.fi/) was used to obtain time, frequency, and nonlinear domain esti-
mates of heart rate variability.

DFA�1, detrended fluctuation analysis; HF, high frequency; LF, low fre-
c
quency; MDD, major depressive disorder; SDNN, standard deviation of nor-
mal-to-normal beat.

0006-3223/$36.00
void overestimating the association between depression and
RV. The criterion queried by Licht et al. was our rejection of

tudies that considered depressed participants with comorbid
VD as part of their sample. We believe this to be a crucial
xclusion criterion. While comorbidity between MDD and CVD is
ell recognized, the potential impact of cardiovascular disease
n HRV may act as a potential confound, rendering clear, uncon-

ounded conclusions problematic. However, by excluding sam-
les containing depressed patients with comorbid CVD, we were
ble to draw conclusions on depression per se.

That said, we will now address a number of concerns we have
ver the data published by this group (3) and the reanalyzed
ata, published in their commentary. Their 2008 study (3) re-
orted that while remitted and current MDD patients have lower
eart rate variability (measured by the standard deviation of
ormal-to-normal beats and respiratory sinus arrhythmia) com-
ared with control subjects, the effects of antidepressants drive

his reduction in heart rate variability. This conclusion was also
rawn from the reanalyzed data reported in their commentary,
hich excluded CVD patients and users of cardiac medication.
hile their sample size is impressive, their findings are drawn

rom analysis of covariance (ANCOVA), an extremely problematic
tatistical approach to dealing with confounds when partici-
ants are not randomly allocated to group (4). Other limitations
f their analysis include collapsing across multiple SSRI medica-

ions, some of which (e.g., paroxetine) may have anticholinergic
ffects (5) that may be mediating their reported HRV reductions

as reported previously [6]), and restricting their dependent vari-
ble to time domain metrics of HRV, which may be less sensitive
han frequency domain or nonlinear measures (1). For brevity,
owever, we choose to focus our concerns on the limitations of
NCOVA in psychopathology research.

Although ANCOVA is a commonly used analytic procedure in
sychiatric research, the fact that participants are rarely random-

zed to group precludes certainty in ascribing the source of the
bserved effects. The primary conclusion drawn by Licht et al. (3)

hat the association between MDD and HRV is mainly driven by the
ffect of antidepressants is complicated by correction or control for
roup differences. There are no statistical means to achieve the
uperficially appealing goal of correcting for group differences,
hen participants have not been randomly allocated to group (as in

he true experiment) (4). The reason for this is that the factor of
roup and the covariate is likely to share variance, and removal of

he variance associated with the covariate will alter the effect of
roup in potentially problematic ways. The association between

wo variables can be reversed, diminished, or enhanced when a
hird variable is entered as a covariate (7). It is reasonable to specu-
ate, therefore, that the findings reported by Licht et al. (2,3) may be

ediated by a covariate, rather than group per se. While Licht et al.
3) also presented results after participants were subgrouped on
he basis of the covariate—in this case, participants with and with-
ut medication relative to control subjects, this analysis was still
ovaried for respiration rate, age, sex, education, body mass index,
hysical activity, smoking, alcohol use, heart disease, chronic dis-
ases, and heart medication, again complicating the interpretation
f the reported result. In summary, we conclude that HRV is indeed

educed in patients with depression who do not have CVD and that
ontradictory findings highlight the importance of careful subject
election. Future research should be mindful of the interpretative
ifficulties associated with collapsing across multiple SSRI medica-

ions and use of ANCOVA when participants are not randomly allo-

ated to group.

BIOL PSYCHIATRY 2011;69:e3–e4
© 2011 Society of Biological Psychiatry
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Effects of Serotonin Reuptake Inhibitors on Heart Rate
Variability: Methodological Issues, Medical
Comorbidity, and Clinical Relevance

To the Editor:

W e were most interested to read the recent report by Licht et
al. (1) on the impact of a variety of antidepressants on heart
rate variability (HRV), a robust predictor of sudden cardiac

eath and future mortality. Longitudinal evidence was reported for the
ffects of antidepressants including tricyclics (TCAs), serotonergic and
oradrenaline reuptake inhibitors (SNRIs), and serotonergic reuptake

nhibitors (SSRIs) on HRV. New users of TCAs (n � 12) displayed a
ecrease in respiratory sinus arrhythmia (RSA) (an indicator of HRV that
ontrols for respiration rate) of 23 msec over the 2-year assessment
eriod; new users of SNRIs (n � 23) displayed a decrease of 12 msec;

and new users of SSRIs (n � 74) displayed a decrease of 7 msec, com-
pared with persistent non-users of medication. New users of TCAs also
displayed an increase in heart rate of 7 bpm over the 2-year assessment
period, and new users of SNRIs displayed an increase of 8 bpm. By
contrast, new users of SSRIs displayed a small decrease in heart rate of
1.5 bpm. While the impact of antidepressant medication on HRV is an
important matter, we have a number of concerns relating to the report
by Licht et al. (1). These include inappropriate use of analysis of covari-
ance (ANCOVA), inclusion of patients with a prior history of cardiovas-
cular disease, and the inferences drawn pertaining to SSRI medication
use.

Firstly, the findings reported by Licht et al. (1) have been “con-
trolled” for a variety of covariates, including age, gender, education,
body mass index, physical activity, smoking status, presence of
cardiovascular disease, numerous medical conditions, beta-block-
ing agents, cardiac medication, depression, and anxiety severity.
Although the attempt made by the authors to control for the many
inevitable confounds is understandable, there is no meaningful
statistical method to achieve the “superficially appealing goal” of
“correcting” for group differences, when participants have not
been randomly allocated to group (2,3). Use of ANCOVA on data
collected in studies employing quasi-experimental designs is re-
garded as inappropriate (2). Crucially, if ANCOVA is employed to
analyze data from such studies, the association between two vari-
ables can be reversed, diminished, or enhanced when additional
variables are entered as covariates (4). This phenomenon, known as
the reversal paradox (4), pervades the psychopathological and ep-
idemiological literature. It is reasonable to speculate, therefore, that
the findings reported by Licht et al. might be mediated by one of the
many covariates rather than the antidepressant group. Unfortu-
nately, findings before covariate adjustment are not provided, and
there is no report of confounds that significantly differed across the
2-year assessment period within each antidepressant grouping
rather than across the total sample of 2114 participants, especially
given the differential antidepressant effects on HRV. Thus, it re-
mains unclear as to whether antidepressant use explains more
variance in HRV change than the other confounds assessed in this
study.

Statistical issues aside, although we would certainly advise clini-
cians to be alert to the cardiovascular effects of TCAs and SNRIs, the
conclusion that the effects of SSRIs on HRV are “unfavorable” is
debatable. A prior meta-analysis (5) on the effects of antidepressant
treatment on HRV in major depression actually concluded that,
although the effect of SSRIs is weaker than that of TCAs, SSRIs are
associated with an increase in HRV and decrease in heart rate (n �

4), reflecting a favorable effect on HRV. This finding contrasts with

he conclusions drawn by Licht et al. (1). We have also reported that

A

0006-3223/$36.00
he commonly prescribed SSRI antidepressant, citalopram, might
ontribute to a protective effect on cardiovascular responses to
motional stimuli (6). More recently, we reported (7) that, although
CA treatment is associated with large reductions in HRV (Hed-
es’ g � �1.236) (see also van Zyl et al. [5])— consistent with that

eported by Licht et al. (1)—we found no significant differences in
he HRV of patients on SSRI treatment relative to before treatment.
egardless, a statistically significant effect is not necessarily clini-
ally relevant, and it is unlikely that a 7-msec RSA decrease reported

n the Licht study (1) is clinically relevant, particularly in the context
f a moderate decrease in BPM—a finding that is opposite to what
ne would expect with decreased HRV. They also fail to note that
SRIs might reduce cardiovascular disease (CVD) and mortality
hrough other mechanisms, such as dampening of platelet aggre-
ability (8). Although it is difficult to make direct comparisons with
revious literature, because Licht et al. restrict the reporting of HRV
easures to heart rate and RSA, a prospective study on patients
ith chronic heart failure (n � 433) reported that a decrease of 41.2
sec in the standard deviation of NN intervals from 24-hour ambu-

atory electrocardiograms is associated with a risk ratio of 1.62 (95%
onfidence interval: 1.16 –2.44) (9). Annual mortality rates were
.5% for patients displaying an SD of NN interval � 100 msec, 12.7%

or 50 –100 msec, and 51.4% for � 50 msec. Finally, we would like to
ote that collapsing across an entire antidepressant class as Licht et
l. have done is not helpful for clinicians, considering that different
SRI antidepressants might have different anticholinergic effects.
or instance, one study has reported that higher doses of parox-
tine (40 mg), an SSRI, might decrease HRV (10).

In conclusion, we suggest that the inference that SSRIs are asso-
iated with an “unfavorable” effect on HRV is considered with some
ircumspection for a number of reasons, including inappropriate
se of ANCOVA; the reversal paradox; failure to examine the impact
f a variety of confounds on the SSRI class; collapsing across multi-
le SSRI medications, some of which (e.g., paroxetine) might have
tronger anticholinergic effects; and the inclusion of patients with a
rior history of CVD. Licht et al. have now published a number of
ther articles (1,11,12) highlighting the harmful effects of antide-
ressants. We oppose the conclusion that HRV reductions in de-
ression (12) and anxiety (11) are driven by antidepressant use
lone. We concluded, on the basis of our meta-analysis and review
7), that unmedicated depressed patients that do not have a prior
istory of CVD display reduced HRV and that this was associated
ith a large effect size for nonlinear HRV measures. We strongly

ecommend that researchers continue to examine the important
uestion as to whether or not HRV is reduced in unmedicated
epressed patients who do not have CVD, because this has impor-

ant clinical implications for the care of depressed patients.
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Reply to: Effects of Serotonin Reuptake Inhibitors on
Heart Rate Variability: Methodological Issues, Medical
Comorbidity, and Clinical Relevance

To the Editor:

I n response to our longitudinal study of heart rate and heart rate
variability (HRV) in the NESDA study (Netherlands Study of De-
pression and Anxiety) (1), Kemp and Quintana (2) raised con-

erns about the inclusion of patients comorbid for cardiovascular
iseases (CVD) in our sample of major depressive disorder cases and
bout the use of analysis of covariance (ANCOVA) rather than full
tratification. These concerns can be easily laid to rest, which we will
o below. The third point raised is that the net effect of some
elective serotonin reuptake inhibitors (SSRIs) on cardiovascular
isease risk might be beneficial rather than detrimental. We neither

Figure 1. Unadjusted mean 2-year changes in respiratory sinus arrhythmia
ardiovascular disease. The p values are obtained from linear mixed model
assessments: *p � .05; **. p � .01; and ***p � .001. TCA, tricyclic antidepressant; SN
reuptake inhibitor.

0006-3223/$36.00
gree nor disagree but support the idea by Kemp and Quintana that
dditional research on this topic is needed. As it stands, the evi-
ence is too thin to conclude either way.

Medical Comorbidity. Approximately 7% of our major de-
ressive disorder cases had a history of CVD. Kemp and Quintana
rgued that these comorbid cases could drive our results. We have
reviously shown this to be untrue for our cross-sectional analysis

3), and we can now also confirm this to be untrue for our longitu-
inal analyses. Briefly, when we excluded the comorbid patients in
reanalysis, we still found an identical pattern of results: changes in
linical anxiety or depression status were not accompanied by
hanges in heart rate and HRV, whereas changes in antidepressant
tatus were closely followed by changes in heart rate and HRV. In
hort, the significance levels indicated in Figure 1 of Licht et al.

and heart rate in different antidepressant (AD) groups in persons free from
reflect comparison against the persons not using antidepressants at both
(RSA)
s and
RI, serotonergic and noradrenergic antidepressant; SSRI, selective serotonin

BIOL PSYCHIATRY 2011;69:e27–28
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(2010) (1) remain intact when the 158 comorbid cardiac patients
were removed from the analyses.

Methodological Issues. A second concern raised by Kemp
and Quintana is the risk for paradoxical reversals of an association,
because of the use of ANCOVA—reversals that they believe are now
“pervading the psychopathological and epidemiological litera-
ture.” Previously, they had raised the same concern against our
cross-sectional analyses of the NESDA data (4). This exegesis of
studies using ANCOVA—which are published plentifully in high-
ranking journals, including Biological Psychiatry—seems to be
somewhat overstated. Essentially, they argued that stratification
would be the best way to deal with the possibility of paradoxical
reversal. Although we agree that this would be ideal in theory, the
sheer number of confounders considered in our study makes it
impossible to do in practice. Our sample is the biggest of its kind so
far and on average thirtyfold larger than the studies that Kemp and
Quintana included in their meta-analysis of the association be-
tween depression and HRV. Yet, a fully stratified design would have
left us with homeopathic cell sizes of approximately one-half a
person/cell. In our previous cross-sectional study we opted to set-
tle, as did so many before us, for the use of “imperfect” ANCOVA
instead. Ignoring the covariates entirely, as did Kemp and Quintana
in their meta-analysis, has its own risks. For instance, compared with
nondepressed control subjects, depressed patients often do not
engage in regular physical activity—something known to impact
on heart rate and HRV (5). That their meta-analysis finds lower HRV
in depressed patients might simply reflect the more frequent inclu-
sion of nonexercisers in the patient groups than in the control
subjects. In short, the theoretical possibility that covariates might
act as suppressors in analyses must be balanced with the risk that an
unadjusted association is driven by covariates entirely.

It must be stressed that the aforementioned discussion pertains
mainly to our previous cross-sectional study. In the mixed model
analyses of our longitudinal study, the changes in the covariates
were uncorrelated to the changes in antidepressant use, greatly
mitigating the concern voiced originally by Miller and Chapman (6).
Indeed, the unadjusted linear mixed model results (presented in
Figure 1) strongly resemble the adjusted analyses and again lead us
to conclude that the changes in heart rate and HRV across the
2-year follow-up were really caused by switching (either stopping
or starting) antidepressant use. The contribution of the changes in
tricyclic antidepressant, serotonergic and noradrenergic antide-
pressant, and SSRI use explained 5% of the change in HRV over time.
This does not mean that the changes in covariates can be ignored.
Changes in all covariates together (physical activity, body mass
index, use of beta-blockers or other heart medication, chronic con-
ditions, tobacco and alcohol use) also explained 5% of the change
in HRV over time.

In sum, we had shown earlier in cross-sectional analyses in the
largest sample to date that HRV is lower in depressed patients
mainly because they use antidepressants (7). We now used longitu-
dinal analyses to test whether this association could derive from
causal effects of antidepressants on HRV. The answer is a resound-
ing “yes.” The effects of antidepressants on cardiac vagal control are
substantial and parallel effects on clinical outcomes such as in-
creased blood pressure, and other metabolic abnormalities (8 –10)

suggest they are clinically relevant. The extent to which different d

www.sobp.org/journal
ypes of antidepressants reduce HRV, particularly different SSRIs, is
n open question. So is the question of whether the multiple effects
f antidepressants are, on balance, detrimental or beneficial for
VD in depressed patients. As we have argued repeatedly (7,11) the
eneficial effect of antidepressants on the chronic stress of dis-

urbed mood might outweigh their detrimental cardiac vagal ef-
ects and, on balance, even protect against CVD. Our aim was never
o discredit antidepressants but to strengthen the empiric basis for
he decision to prescribe them or to withhold them and seek alter-
atives.
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Are Antidepressants Good for the Soul but Bad for the
Matter? Using Noninvasive Brain Stimulation to
Detangle Depression/Antidepressants Effects on Heart
Rate Variability and Cardiovascular Risk

To the Editor:

H eart rate variability (HRV) is an electrocardiograph-based
technique that assesses sympathovagal activity over the
heartbeat. Lower HRV (i.e., low power in the low fre-

uency of the power spectral analysis) has been associated with
n increased risk for myocardial infarction (1) and other cardio-

vascular conditions and thus is a biomarker for cardiac illness.
Two articles recently published in Biological Psychiatry showed
hat lower HRV is observed in major depressive disorder (MDD).
owever, whereas the meta-analysis of Kemp et al. (2) showed

hat this was associated more robustly with MDD severity, the
ongitudinal study of Licht et al. (3) observed that antidepres-

sants were associated with lower HRV and their withdrawal with
HRV increasing, therefore suggesting that they could play a key
role for diminished vagal control over the heart of MDD treated
patients. Because such patients present increased cardiovascu-
lar burden (4), it is mandatory to investigate whether antidepres-
sants might decrease HRV and whether this contributes to such
elevated cardiovascular risk.

In fact, it is unknown whether antidepressants are advanta-
geous or hazardous for the heart. For instance, one cohort analysis
from the US Department of Veterans Affairs showed a lower risk for
myocardial infarction in those using antidepressants (hazard ratio:
.50 to .66) (5), whereas in the Nurse’s Health Study, use of antide-
pressants more than tripled the risk of sudden cardiac death (6). In
addition, the randomized placebo-controlled SADHART-CHF (Ser-
traline Against Depression and Heart Disease in Chronic Heart Fail-
ure) trial showed that depression severity and chronicity was asso-
ciated with increased mortality in a 7-year follow-up, although
sertraline was not superior to placebo in improving any cardiovas-
cular outcome (7). Evidence from surrogate outcomes are also
mixed: on the one hand, some antidepressant classes might act as
platelet inhibitors, thus having a protective effect in the increased
platelet activity of infarction (8); on the other hand, antidepressants
were also related to increased levels of cytokines such as interleu-
kin-6 (9) and tumor necrosis factor-� (10). Therefore, although anti-
depressants are effective for depression symptoms, their putative
favorable impact on cardiovascular risk is open to question. Here, it
is possible that their peripheral increased sympathetic/decreased
parasympathetic activity could worsen sympathovagal imbalance
or, alternatively, that such imbalance is caused by depression sever-
ity, indexed by antidepressant use.

However, cohort studies showing a relationship between anti-
depressants and lower HRV might be, in fact, demonstrating an
association of HRV with MDD severity. By contrast, because using
antidepressants also marks treatment adherence, clinical trials that
show such drugs improving HRV to “normal” values could in fact be
reflecting a better outcome related to adherence. To detangle this
issue, we propose the use of noninvasive brain stimulation meth-
ods such as repetitive transcranial magnetic stimulation (rTMS) and
transcranial direct current stimulation (tDCS) to investigate cardio-
vascular outcomes in MDD. These techniques are able to target
specific brain areas related to MDD with minimal, transient side
effects (11). Repetitive transcranial magnetic stimulation is effective
for MDD, and preliminary studies for tDCS are also encouraging
(12). With HRV as a surrogate marker of cardiovascular illness (due

to its sensitivity to change and validity), HRV increase after depres-

1

0006-3223/$36.00
ion improvement with noninvasive brain stimulation would sub-
tantiate harmful effects of antidepressants or, alternatively, main-
ained lower HRV values even after symptom improvement would
ndicate that lower HRV is a “trait marker” for MDD. To increase the
trength of results, this trial should also have an antidepressant
ontrol arm.

In fact, HRV changes during and after noninvasive brain stimu-
ation have been insufficiently investigated. Nevertheless, rTMS
eems to have transitory effects on HRV (13); and for tDCS, the
esults are mixed (14,15). Only one trial investigated rTMS effects in
RV in depressive subjects, showing indeed a “correction” in auto-
omic imbalance (16), although it was nonrandomized and non-
ontrolled, thus hindering its conclusions. Moreover, this study did
ot evaluate nonlinear HRV measures, which might be more reli-
ble for short-time measurements (17).

Finally, detangling the effects of depression and antidepres-
ants has clinical and research importance. Showing that lower HRV
s associated with antidepressants could favor research of brain
timulation techniques in depressed patients with increased car-
iovascular risk and/or antidepressants with benign cardiac effects;
onversely, lower HRV values even in recovered MDD subjects
ould favor the theory of a “common soil” between brain and car-
iovascular diseases (18).
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Reply to: Are Antidepressants Good for the Soul but
Bad for the Matter? Using Noninvasive Brain
Stimulation to Detangle Depression/Antidepressants
Effects on Heart Rate Variability and Cardiovascular
Risk

To the Editor:

W e thank Brunoni et al. (1) for their interesting and thought-
ful commentary on our review and meta-analysis on heart
rate variability (HRV) (2). Heart rate variability has gener-

ated significant interest in the research and clinical communities,
because it predicts future mortality (3,4) and might underlie the
poor social functioning observed in a variety of psychiatric disor-
ders (5), including major depressive disorder (MDD).

We (2) reported that HRV is reduced in physically healthy and
unmedicated MDD patients. We also found that a variety of antide-
pressant treatments, including the selective serotonin reuptake
inhibitors (SSRIs), do not resolve these decreases, despite resolution
of symptoms. Except for tricyclic medication, the SSRIs, mirtazap-
ine, and nefazodone did not significantly impact on HRV. Our find-
ings have generated debate (6), an invited review (7), and media
commentary (8). By contrast, a longitudinal study (9) has more
recently reported that all classes of antidepressants—including
tricyclics, serotonin and noradrenaline reuptake inhibitors, and
SSRIs— have “adverse” cardiovascular effects. Patients who com-
menced a variety of antidepressants were observed to display re-
ductions in HRV, whereas those who discontinued antidepressants
displayed increases in HRV. The authors (9) concluded that the
antivagal effects of tricyclic and SNRI medications are likely to occur
at the sinoatrial node, whereas the effects of SSRIs might corre-
spond to alterations in parasympathetic control at the level of the
brainstem. We have queried the “adverse” cardiovascular effects
reported for SSRIs (10).

The SSRIs are a first-line treatment for depression and are
generally considered to have a safe cardiovascular profile. A
recent meta-analysis reported that SSRIs might be associated
with a significantly lower risk of death in patients with depres-
sion and coronary heart disease (11), although this association
was no longer observed when 2 studies with methodological
problems were removed from analysis. A prospective cohort
study of 14,784 adults reported that tricyclic antidepressants
raised the risk of developing cardiovascular disease over 8 years
by 35% (12). Although SSRIs were not associated with cardiovas-
cular disease, both tricyclic and SSRI users were at an increased
risk of stroke-specific death (tricyclic antidepressant hazard ratio � 2.23,
95% confidence interval: 0.85– 6.39; SSRI hazard ratio: 3.32, 95%
confidence interval: 1.20 –9.18). However, the authors urged cau-
tion over their findings on risk of stroke, because there were only 78
recorded events.

That said, there are other indicators that continue to raise con-
cern over the cardiovascular safety of the SSRIs. The US Food and
Drug Administration recently advised that citalopram should no
longer be used at doses �40 mg/day, due to prolongation of the QT
interval of the electrocardiogram (13), which might be fatal. Recent
work (14) has determined that prolonged QT interval might in-
crease risk of mortality by 35% to 71%. Furthermore, colleagues
have highlighted that the adverse effects of SSRIs might be partic-
ularly prominent in adolescence (15), reporting that paroxetine-
treated, adolescent rats show inhibition of social interaction after
11–12 days of treatment—a finding consistent with the effects of
reduced HRV (5). After 19 –20 days, adolescent rats failed to show an

antidepressant-like effect of paroxetine treatment on the forced

0006-3223/$36.00
wim test, and after the forced swim test, two adolescent rats died,
uggesting a compromised response to physical stress. These ob-
ervations highlight dosage and age as factors of interest in future
esearch examining the impact of SSRIs on HRV.

At present it is unclear whether HRV reductions reflect a “trait
arker” for MDD or the impact of antidepressant medications.

runoni et al. (1) suggest that one way of untangling the relation-
hip between depression per se and its treatment is to examine the
mpact of HRV changes after noninvasive brain stimulation such as
epetitive transcranial magnetic stimulation and transcranial direct
urrent stimulation and comparing treatment effects with antide-
ressant medication. Brain stimulation provides a nonpharmaco-

ogical alternative for the treatment of major depression, which
ight increase rather than decrease measures of HRV (16) as well as

esolve depressive symptoms.
Further research is needed to determine the impact of these

echniques relative to modern antidepressant medications on HRV.
onfirmation of preliminary findings indicating that HRV is in-
reased by these techniques will have important implications for
he treatment of patients with depression. Longitudinal studies
hould consider incorporating mortality endpoints in addition to

easures of HRV, to better clarify the degree to which HRV might
redict mortality rates. Well-designed experimental studies in hu-
ans (and animals) will provide another means to examine the

mpact of pharmacological manipulation that avoids many of the
onfounds associated with patient studies.
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Depression can break your heart, literally
May 16, 2011 9.54pm BST

Having a “broken” or a “heavy” heart is a description often used by people who are feeling down or

depressed. It turns out they’re not that far off the mark.

People with depression are three to four times more likely to die of cardiovascular disease than those

without depression, irrespective of a prior history of cardiovascular disease.

Depression’s impact on physical health

Depression, like most mental illnesses, puts considerable stress on our minds as well as our bodies.

Stress in the short term is important for the survival of our species. Any danger in the environment

triggers the “fight or flight” response. This “survival” system is known as the sympathetic nervous 

system.

This system operates in a biological tug-of-war with the “rest and digest” system, known as the 

parasympathetic nervous system.

People with depression are less able to cope with stress. OliviaGR
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The parasympathetic nervous system facilitates activities when our bodies are at rest including sexual

arousal and appetite.

The “survival” system is always prepared to respond to stressors in the environment and it is up to the

“rest” system to halt this activity, much like a brake in a car.

If you are threatened, the “brake” is removed in order for the survival system to facilitate fight or

flight behaviors. However, in a safe environment, the brake is applied and the rest system

predominates.

The rest system also facilitates social interaction, an essential activity to effectively maintain our

relationships with others.

Some people are better able to switch between these two systems. These people are better equipped to

deal with everyday stress and, more importantly, return to a relaxed state once the stress has gone.

Too much stress over a prolonged period leads to a constant state of alertness. Short periods of stress

(when actual danger is present) is normal and can function as a motivator but over the long term,

frequent and chronic stress isn’t great for your health.

Heart rate variability

If you were to feel your pulse now, you would notice that your heart beats in a fairly consistent

manner – at least it should.

However, if we were to record your heart rate with hardware that is accurate to the millisecond, we

would find small differences in the time between your heartbeats.

Research indicates that a highly variable heart rate increases your capacity to respond and adapt to

life’s challenges.

In a sense, it makes your cardiovascular system more flexible. If you’re less able to switch to the rest

system, you’re more likely to feel stressed because your body is indicating that there’s danger in the

environment – even if there isn’t.

Research has shown that reductions in heart rate variability are a predictor of sudden cardiac death,

even in individuals without a prior history of cardiovascular disease.

Why is increased variability in heart rate a good thing?

Reductions in heart rate variability may precede more systemic problems such as arrhythmia and 

ventricular fibrillation.

In some ways, your cardiovascular system is like a skyscraper. These large structures are built with an

element of flexibility to deal with environmental stressors such as high winds and even earthquakes.
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Heart disease Mental health

If it weren’t for the strict building codes in Tokyo, which require this flexibility, many more would

have perished in the recent disaster.

Recent research from our team has discovered that physically healthy but depressed individuals have

reduced heart rate variability – in other words, poor heart flexibility – in comparison to people

without depression.

While other mechanisms such as an increased inflammatory response have been implicated in the

relationship between depression, cardiovascular disease and mortality, heart rate variability is

believed to be the major linking factor.

Our findings are important for a number of reasons. They highlights the need for cardiovascular risk

reduction strategies in otherwise healthy depressed individuals.

Findings may also relate to the social deficits observed in depression. Poor heart flexibility reflect

impairments in the “rest” system, which leads to hypervigilance (enhanced sensory sensitivity) and

difficulties in social interactions.

You can increase your heart rate variability

It is possible to increase your heart rate variability and your mood with regular exercise. This is

particularly true for older people who already have reduced cardiac flexibility.

Refraining from excessive alcohol intake and stopping smoking have also been found to increase

cardiac flexibility, thereby reducing the risk to cardiac health.

Antidepressant medication, particularly older generation antidepressants, have adverse

cardiovascular consequences.

By contrast, beta-blocker medication – often used by people to control performance anxiety – and

psychological therapies may increase cardiac flexibility.

Depression may indeed break your heart but with the help of some lifestyle changes and if required,

professional help, it appears that your heart can be put back together again.

Help combat alt-facts and fake news and donate to independent journalism. Tax deductible.

Make a donation
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The relationship between mind, brain and body has kept philosophers and scientists

busy for centuries. Some of the first interesting – albeit gruesome – experiments on

the role of the body in human consciousness considered life after decapitation.

In 1905, French physician Dr Gabriel Beaurieux believed he had communicated with

prisoner Henri Languille after his head had been severed from his body. Writing of 

the experience, Beaurieux said:

I called in a strong, sharp voice: “Languille!” I saw the eyelids slowly lift up, without any

spasmodic contractions – I insist advisedly on this peculiarity – but with an even movement,

quite distinct and normal, such as happens in everyday life, with people awakened or torn

from their thoughts.

Shutterstock

March 29, 2017 5.23pm BST

From decapitation to positive psychology: how one nerve
connects body, brain and mind
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Almost two decades later, Soviet scientist Sergei Brukhonenko reportedly kept a dog’s severed head

alive for nearly six months using a primitive heart-lung machine. Video footage allegedly shows the

head responding to light, sound and citric acid stimuli. But while Brukhonenko’s research may have

been an important in the development of cardiac surgery – it is also regarded as faked Soviet-era 

propaganda.

Consciousness and nonphysical properties

Investigations into human consciousness have moved on since these initial observations – though we

haven’t got away from decapitation just yet. More recently, however, neuroscientists have questioned

just how it is that physical matter comes together to make the mind.

In 1995, Dr Francis Crick wrote in his The Astonishing Hypothesis that we are nothing more than an

“immensely complex collection of neurons”. This theory is a form of reductive physicalism – a

philosophical position to which modern neuroscience typically subscribes – that everything in

existence is no more than its physical properties.

Again using animal decapitation, though this time with rats, neuroscientists have explored the

question of how long brain activity is observed after death – a step forward from investigating

consciousness.

In a 2011 experiment, it was reported that decapitated rats’ time to unconsciousness – defined by a

decrease in cognitive activity of 50% – was four seconds. The researchers also observed a very large

and much later slow wave in brain activity. This was interpreted as what they called a “wave of death”

– when all the brain’s neurons died at the same time – and perhaps, the ultimate border between life

and death.

But some believe that the mind is more than just the sum of its physical brain cells. A contrasting

position to physicalism is the dualist assumption that the physical and the mental are fundamentally

Russian Dog Experiment - Living without a body!
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different substances.

Furthermore, some philosophers and scientists have suggested that “information may be the key to 

consciousness”. Consistent with this idea is integrated information theory, which accepts the

existence of consciousness, but controversially implies that anything at all may be conscious – even a

smartphone – if it possesses a sufficiently high “phi”: a measure of information in a system which

cannot be reduced to that specified by its parts.

From psychological moments to mortality

While I have left out many important details in this fascinating discussion, better understanding the

link between mind, brain and body has been the focus of my own research, in recent years through

looking at the functions of the vagus nerve.

Higher vagus nerve function (measured and indexed by heart

rate variability) supports a person’s capacity for emotion

regulation, social engagement and cognitive function. By

contrast, impaired vagal function – and lower heart rate

variability – may play a role in the onset of depression.

But the vagus nerve doesn’t just affect the mind. Higher

levels of vagal function may lead to improved glucose

regulation, reduced inflammation, and reduced risk of 

disease and death.

Vagal function is also known to play an important role in 

brain cognition. It helps to suppress irrelevant and

interfering stimuli. Studies have also suggested that the

vagus nerve might play an important regulatory role over 

inflammatory processes, contributing to diabetes, obesity

and cardiovascular disease – all of which also impact on 

cognitive function.

However, little research has been done which looks at how the vagus nerve affects body and mind

together. That’s why I teamed up with colleagues to question whether previously reported

relationships between vagal function and cognitive performance could be explained through a single

physiological pathway.

Supporting this possibility, we observed that impairment in vagal function appears to increase insulin

resistance, which contributes to a thickening of the carotid arteries, which in turn adversely impacts

on cognitive function. This means that low vagal function initiates a cascade of adverse downstream

effects which subsequently lead to cognitive impairment.

While simple health behaviours – weight loss and exercise for example – may “short circuit” adverse

effects on brain function, more research into the causal pathways involved is needed to discover just

The vagus nerve, part of the
parasympathetic nervous system.
Shutterstock
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Nerves Mind nervous system Vagus nerve

how the vagus nerve connects the body, brain and mind.

Our research is a first step into uncovering how the health of the body and mind can be affected by

this one nerve. But it is one step on a path that we hope will develop with our own research into

“positive psychology” for people living with neurological disorders.
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Tax deductible.
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Andrew Kemp receives award for journalistic
excellence

Andrew Kemp has received the Welsh Editor’s Award for Journalistic Excellence following the publication of his
article on the vagus nerve in The Conversation, an online media outlet that uses content sourced from the academic
and research community.

Swansea  University  recently  celebrated  a  year  with  The  Conversation  during  which
time more than 100 articles have been published by academics at the university.

Andrew Kemp’s article,  provocatively  titled: From decapitation  to positive psychology:
how  one  nerve  connects  body,  brain  and mind  (available  here),  secured  the  editor’s
choice award.

This article builds on his recent scientific publications including two published reviews of
his  work  in  Neuroscience  and  Biobehavioural  Reviews  (available  here),  and  a  book
chapter published by Springer Press, (available here).

This work  including the  lay press article  in The Conversation, builds a case for a new
transdisciplinary  science  of  health  and  wellbeing,  linking  psychological  moments  to
mortality spanning the disciplines of psychological science and epidemiology.

 

Posted by Ian Russell <r.i.russell@swansea.ac.uk>
Friday 20 October 2017 13.28 GMT
Ian Russell, Tel: 01792 295983
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Associate Professor Andrew Kemp awarded
prestigious fellowship of the Association for
Psychological Science in December 2017

Associate Professor Andrew Kemp from the Department of Psychology has been recognized for outstanding
contributions to psychological science by the Association for Psychological Science

Associate Professor Kemp is the first academic at Swansea University to be honoured with an APS fellowship. The APS is
the  leading  international  organization  dedicated  to  advancing  scientific  psychology  across  disciplinary  and  geographic
borders.  For  one  to  be  considered  for  fellowship  one  must  have  made  sustained  outstanding  contributions  to  scientific
psychology  over more  than  ten  years.  Potential  fellows must  be  nominated  by  a  current  APS  fellow  and  have  letters  of
support from two other leading researchers in the field. 

After completing his PhD, Kemp was awarded two nationally competitive, research fellowships in cognitive neuropsychiatry at
the University of Sydney in Australia. He then moved to Brazil to work as a Visiting Professor at the University of São Paulo
where he conducted research on  the  largest epidemiological  research project on  the health and wellbeing of  the Brazilian
population.  He  then  secured  a  permanent  post  in  the  Department  of  Psychology  at  Swansea University,  commencing  in
February 2016. 

Recently, Kemp’s  research has  focused on heart  rate  variability,  a noninvasive marker of  vagal  function  that  is extracted
from the electrocardiogram. The vagus nerve is considered to be one of the most important nerves in the human body and
Kemp has shown that vagal function is impaired in patients with common mental disorders and their offspring. He has also
demonstrated  that  these  changes  may  subsequently  increase  risk  for  morbidity  and  premature  mortality  from  a  host  of
disorders and conditions. 

Kemp’s  recent  scientific  outcomes,  here  and  here,  include  furthering  understanding  of  the  link  between  psychological
moments and mortality, bridging the disciplinary divide between psychological science to epidemiology. His recent lay press
article in The Conversation describing his recent research activities won the Welsh Editor’s award for journalistic excellence.

Posted by Ian Russell
Friday 12 January 2018 09.56 GMT
Ian Russell, Tel: 01792 295983
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