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Abstract  

Hypertension is among the leading causes of mortality and an important contributor toward disability-adjusted life 
years worldwide. Several factors contribute toward individuals’ risk to develop hypertension. Stress is considered 
an important pathogenic component affecting blood pressure regulation. However, systematic reviews examining 
the effect of psychosocial stressors and anxiety on hypertension produced spurious results. The observed 
heterogeneity in the operationalization of stress and subsequent reactivity hindered the characterization of the 
evidence for the association between exposure, physiological reactivity, and risk for hypertension. This is of 
paramount importance as physiological reactivity constitutes a biological interface mechanism through which 
stressors affect blood pressure regulation. The neural substrates of vagally mediated heart rate variability (VM-
HRV) indicate that it is able to assimilate such an interfacing mechanism. Large-scale epidemiological studies 
provided substantial evidence linking decreases in VM-HRV with the development and progression of 
hypertension, indicating that individuals’ reactivity to stressors, as measured via VM-HRV, increases individuals’ 
risk for the development and progression of hypertension. As such, VM-HRV can reinforce current screening 
initiatives and support treatment-related prognosis. Self-regulation techniques, like heart rate variability 
biofeedback (HRVB), and neuromodulation techniques, like cranial electrotherapy stimulation (CES), are able to 
enhance VM-HRV and the associated parasympathetic modulation of cardiovascular outcomes, and thus address 
autonomic imbalances associated with hypertension. 
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Introduction  

 
Despite steady improvements in global health, 
hypertension remains a leading cause of mortality, 
especially in upper-middle and high-income 
countries, and an important contributor toward 
disability-adjusted life years worldwide (Vos et al., 
2020). This is not surprising given hypertension’s 
association with stroke and ischemic heart disease 
(Boehme et al., 2017; Špinar, 2012; Wajngarten & 
Silva, 2019), which are currently considered as the 
leading causes of mortality and disability-adjusted 
life years worldwide. Several factors are thought to 
contribute toward individuals’ risk to develop 

hypertension with the interaction between genetic 
(Lynch et al., 2020), behavioral (Hu et al., 2004), 
environmental (Bruno et al., 2017), and psychosocial 
(Cuffee et al., 2014) factors seen as accounting for 
the majority of hypertension cases (Ornosa-Martín et 
al., 2020;  Singh et al., 2015). On this basis, stress is 
seen as having a significant role in modifying the 
impact of genetic factors on cardiovascular disease 
risk (Singh et al., 2015), and is considered an 
important pathogenic factor associating 
environmental stressors with high blood pressure as 
a result of maladaptation in various functional 
systems (Heine & Weiss, 1987).  
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Despite the well-documented link between the 
physiological bases of the stress response and 
blood pressure regulation, conclusions drawn from 
studies examining the relationship between 
exposure to psychosocial stressors and 
hypertension are hindered by the variability in the 
operational definitions used, and thus exposure to 
stressors and subsequent reactivity (i.e., initiation of 
the stress response; Player & Peterson, 2011; 
Sparrenberger et al., 2009). Given the variability in 
stressors and reactivity measures employed in 
studies examining the impact of psychosocial 
stressors and anxiety, it is very difficult to summarize 
the evidence for the association between a well-
defined characterization of exposure to stressors, 
subsequent physiological reactivity, and 
hypertension (Liu et al., 2017; Mann, 2012).  
 
The aforementioned is of particular importance as 
physiological reactivity constitute a prominent 
biological mechanism through which stressors 
impact blood pressure regulation and thus affect 
health (Brown et al., 2018). Indeed, individuals’ 
reactivity to stressors matters more than mere 
exposure to it, especially when examining stressors’ 
impact on health (Crosswell & Lockwood, 2020). 
 
The present paper will initially discuss the role of 
stress in the regulation of blood pressure before 
examining the physiological mechanisms that allow 
vagally mediated heart rate variability (VM-HRV) to 
interface exposure to stressors with physiological 
reactivity. From there, it will discuss a substantial 
corpus of evidence linking VM-HRV with the 
development and progression of hypertension. 
Finally, it will examine self-regulation and 
neuromodulation techniques that can influence VM-
HRV, and thus improve individuals’ physiological 
reactivity to stressors and autonomic imbalances 
associated with the development and progression of 
hypertension. 
 
The Physiology of the Stress Response 
Stress in physiology is seen as reflecting an 
organism’s response to environmental pressures or 
demands (Selye, 1956). A system of interrelated 
brain structures regulating physiological arousal 
support stress responses. The central autonomic 
network (CAN) consist of both cortical areas 
including the insular cortex, anterior cingulate cortex, 
ventromedial prefrontal cortex (vmPFC), and 
subcortical structures like the central nucleus of the 
amygdala (CeA), hypothalamus, midbrain 
periaqueductal gray matter, parabranchial nucleus in 
the pons and medulla, nucleus of the solitary tract, 
ventrolateral reticular formation, and raphe nuclei 

(Benarroch, 1993). The CAN receives input from 
sensory processing areas regarding the external 
environment, as well as input from body organs 
regarding the physiological state of the body. These 
inputs, allow CAN to modify physiological arousal to 
accommodate for changes in the internal and 
external environment.  
 
The amygdala nuclear complex is very important in 
the initiation of both the immediate, transient 
responses to stressors implemented through the 
sympathetic-adrenal medullary (SAM) axis, and 
delayed, prolonged responses carried out by the 
hypothalamic-pituitary-adrenal (HPA) axis. Within 
this framework, the CeA directly activates 
sympathetic rostral ventrolateral medullary (RVLM) 
neurons enhancing immediate SAM axis influence 
(Saha et al., 2005; Thayer et al., 2009). In addition, 
the CeA sends prominent projections to the 
hypothalamus which is involved in the activation of 
the sympathetic nervous system (SNS; LeDoux et 
al., 1988) via the HPA axis (Xu et al., 1999) and of 
the SAM axis via the paraventricular nucleus (PVN) 
that projects to RVLM (Badoer, 2001).  
 
In essence, the CeA, through its projection to the 
hypothalamus, influences the activity of the HPA and 
SAM axes initiating the mechanisms of physiological 
arousal (see Figure 1). Under stress, the 
hypothalamus secretes corticotropin-releasing 
hormone (CRH). This provokes the release of 
adrenocorticotropic hormone (ACTH) from the 
pituitary. ACTH stimulates the adrenal cortex which 
secretes mineralocorticoids and glucocorticoids 
(aldosterone/cortisol). The best characterized 
physiologic effect of aldosterone is to increase 
sodium reabsorption and potassium and hydrogen 
ion excretion in an effort to increase blood volume 
and pressure (Komesaroff et al., 1994). However, 
recent evidence pointed out that aldosterone also 
has a powerful vasoconstriction effect (Kushibiki et 
al., 2007). In addition, aldosterone evokes a fibrotic 
response in the myocardium, and a profibrotic, 
hypertrophic, and inflammatory response in the 
vasculature, where it also minimizes nitric oxide 
bioactivity, thereby hindering vascular relaxation 
(Briet & Schiffrin, 2013). The abovementioned 
indicated that aldosterone is involved in the 
development of increased systemic vascular 
resistance and vascular and cardiac remodeling in a 
way that could sustain an elevated blood pressure 
(Freel & Connell, 2004; Xanthakis & Vasan, 2013). 
Cortisol has a pivotal role on metabolism as it 
prepares resources to provide energy through the 
catabolism of glycogen to glucose (Khani & Tayek, 
2001) and protein to amino acids (Brillon et al., 
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1995). This helps to overcome the increased 
metabolic demand presented by the stressor. 
 
Besides the abovementioned, the CeA and 
hypothalamically mediated SAM input stimulates the 

adrenal medulla, which secretes catecholamines 
(epinephrine/norepinephrine). SAM mediated 
release of epinephrine and norepinephrine has 
immediate effects on the cardiovascular systems.  

 
 
Figure 1. Schematic Representation of CeA Influences on SAM (I & II) and HPA (III) Axes. 

 
 

Note. Both the CeA (I) and the PVN (II) innervate the RVLM which is involved in the activation of the adrenal medulla, via the 
spinal cord. The adrenal medulla secretes epinephrine and norepinephrine triggering an immediate but transient response to 
stressors. Also, the CeA projects to HPT (III) which in turn innervates the pituitary. The stimulation of the pituitary gland 
activates the adrenal cortex which secretes aldosterone and cortisol into the bloodstream initiating a delayed but prolonged 
response to stressors. Besides that, CeA inhibits the activity of vagal motor neurons in the NA and the DVN (IV), and thus 
reduces parasympathetic input. Moreover, CeA minimizes the parasympathetic input of the NTS (V) which in turn reduces 
CVLM’s inhibitory input to the sympathetic neurons of the RVLM. The inhibition of parasympathetic neurons and simultaneous 
disinhibition of sympathetic neurons lead to increases in physiological arousal. CeA: central nucleus of the amygdala; BLA: 
basolateral amygdala; SAM: sympathetic-adrenal-medullary axis; HPA: hypothalamic-pituitary-adrenal axis; PVN: 
paraventricular nucleus of the hypothalamus; RVLM: rostral ventrolateral medulla; HPT: hypothalamus; NTS: nucleus of the 
solitary tract; CVLM: caudal ventrolateral medulla; NA: nucleus ambiguous; DVN: dorsal vagal motor nucleus. 
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Despite the vasodilation effect of low circulating 
epinephrine, high circulating concentrations shifts 
the balance of vasodilator and vasoconstrictor 
actions to net vasoconstriction (Klabunde, 2021). 
Similarly, norepinephrine increases cardiac output 
and systemic vascular resistance, resulting in an 
elevation in arterial blood pressure (Smith & Maani, 
2020). 
 
Moreover, the CeA minimizes parasympathetic input 
by simultaneously inhibiting vagal motor neurons in 
the nucleus ambiguous (NA) and the dorsal vagal 
motor nucleus (DVN). Furthermore, the CeA inhibits 
the parasympathetic input of the nucleus of the 
solitary tract (NTS). This in turn, minimizes inhibitory 
caudal ventrolateral medullary (CVLM) inputs to the 
sympathetic neurons of the RVLM. The 
simultaneous disinhibition of sympathetic neurons, 
and the inhibition of parasympathetic neurons, leads 
to an increase in physiological arousal resulting in 
elevated heart rate (HR) and a concomitant 
decrease of VM-HRV. 
 
All of these responses promote physiological arousal 
in an effort to facilitate an individual’s ability to 
withstand the stressor experienced, and thus adapt 
and thrive in a particular environment. The brain 
monitors the levels of cortisol secreted and once 
these rise, it terminates the secretion of CRH and 
ACTH completing the stress response cycle (Harbuz 
& Lightman, 1992; Tsigos & Chrousos, 2002). This 
negative feedback loop is designed to limit long-term 
exposure to cortisol’s catabolic and 
immunosuppressive actions (Guilliams & Edwards, 
2010). 
 
Heart Rate Variability: Integrating Stressors and 
Physiological Reactivity 
Physiological arousal responses, including increases 
in blood pressure, are governed by the sympathetic 
division of the autonomic nervous system (ANS) and 
the associated SAM and HPA axes. The reciprocal 
interconnection between CAN’s neural structures 
allows the prefrontal cortex (PFC) to inhibit 
subcortical structures, and thus the individual to 
respond to environmental pressures or demands in 
an effective manner (see Figure 2). Indeed, the 
sympathetic output of the CAN is under tonic 
inhibitory control via prefrontal cortical areas, 
including the medial prefrontal cortex (mPFC) and 
the orbitofrontal cortex (OFC), that inhibit the 
amygdala via networks of gabaminergic neurons 
(Gianaros & Wager, 2015; Shekhar et al., 2003; 
Thayer et al., 2009). Attenuation of PFC activity, via 
basolateral amygdala (BLA; Dilgen et al., 2013; Park 
et al., 2018), leads to disinhibition of the CeA that 

can directly activate the hypothalamus and 
sympathetic RVLM neurons. 
 
Evidence from relevant research supports the role of 
the PFC in the control of sympathetic neurons within 
the CAN, and thus cardiac output. For example, the 
deactivation of the PFC via intracarotid 
administration of sodium amobarbital led to 
increases in HR and concomitant decreases in VM-
HRV (Ahern et al., 2001). Moreover, functional 
magnetic resonance imaging (fMRI) aiming to 
localize the central command network for induced 
cardiovagal activity indicated a positive correlation 
between VM-HRV and the dorsolateral PFC 
(Napadow et al., 2008). Likewise, fMRI paradigms 
examining the brain–heart interaction in a purely 
resting-state condition highlighted ventromedial 
PFC’s role in the cortical generation of efferent vagal 
activity (Duggento et al., 2016; Ziegler et al., 2009). 
 
Taken together, these evidences support the role of 
the PFC in the modulation of subcortical cardio-
acceleratory circuits via an inhibitory pathway that is 
associated with vagal function that can be indexed 
by VM-HRV. Within this context, VM-HRV signifies 
the extent of the deactivation of the PFC, and thus 
the disinhibition of CAN’s sympathetic input. As 
such, VM-HRV integrates stressors with individuals’ 
reactivity capturing a prominent biological 
mechanism through which stressors impact health.  
 
Heart Rate Variability: Indexing Autonomic 
Imbalance and Hypertension 
Lack of balance between the sympathetic and 
parasympathetic branches of the ANS minimizes the 
dynamic flexibility of the organism (Friedman & 
Thayer, 1998). An autonomic imbalance in which 
typically the sympathetic system is hyperactive and 
the parasympathetic system is hypoactive is 
associated with various risk factors and pathological 
conditions (Thayer et al., 2010). HRV can be used to 
assess such autonomic imbalances. For example, 
various measures of HRV have been successfully 
used to assess vagal activity (Task Force of the 
European Society of Cardiology the North American 
Society of Pacing Electrophysiology, 1996). HRV 
measures in the time domain, including the standard 
deviation of R to R intervals (SDNN) and the root 
mean square successive differences (RMSSD), 
have been shown to be effective indices of vagal 
activity. Similarly, in the frequency domain, high 
frequency (HF: 0.15–0.40 Hz) spectral power has 
been successfully used to index vagal activity. 
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Figure 2. Schematic Representation of PFC Inhibitory Influence on the CeA. 
 

 
 
Note. The sympathetic output of the CeA is under tonic inhibitory control 
from the PFC (VI), including the mPFC and the OFC. The reduction of PFC’s 
inhibitory input to the CeA as a result of the activation of the BLA (VII) leads 
to the activation of the SAM and HPA axes (CeA’s influences on SAM and 
HPA axes, I to III, are described in Figure 1).  

 
 
The relationship between autonomic imbalances and 
hypertension is documented in both cross-sectional 
and prospective studies. For instance, prospective 
studies that examined the association between two 
minutes of supine HRV and hypertension over a 3- 
year follow-up period in a stratified random sample 
of 2061 black and white men and women from the 
Atherosclerosis Risk in Communities (ARIC) study 
reported an inverse relationship between HF-HRV 

and the development of hypertension (Liao et al., 
1996). Those in the lowest HRV quartile had 2.44 
greater risk of hypertension than those in the highest 
quartile. Additionally, cross-sectional analyses, 
adjusted for age, race, gender, smoking, diabetes, 
and education, indicated that the power of HF-HRV 
was significantly lower in both treated and untreated 
hypertensives compare to the normotensive group. 
Liao et al. (1996) results indicating that VM-HRV is 
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lower in pharmacologically treated hypertensives 
compared to normotensives are in line with relevant 
research (Cowan et al., 1993; Mussalo et al., 2001). 
In addition, prospective analyses over longer follow-
up periods that examined the relationship between 
RMSSD and hypertension in 7099 men and women 
from the ARIC study reported that the lowest quartile 
of HRV adjusted for age, race, study center, 
diabetes, smoking, education, and BMI was 
associated with a hazard ratio of 1.36 for the 
development of hypertension 9 years later, 
compared to those in the highest quartile (Schroeder 
et al., 2003). Consistent with Liao et al. (1996) and 
Schroeder et al. (2003), cross-sectional analyses 
showed that HRV adjusted for relevant covariates 
was lower at baseline among individuals with 
hypertension.  
 
Likewise, cross-sectional analyses examining the 
association between 2 hours of ambulatory HR 
recordings and hypertension in men and women 
participating in the Framingham Heart Study 
reported significantly lower HRV in hypertensives 
than in normotensives after adjusting for age, BMI, 
smoking, and alcohol consumption (Singh et al., 
1998). More recent cross-sectional examinations of 
the relationship between VM-HRV and hypertension 
utilizing 5-min supine recordings reported similar 
results suggesting significantly lower VM-HRV in 
individuals displaying high blood pressure compared 
to normotensive groups (Goit & Ansari, 2016; 
Natarajan et al., 2014; Pal et al., 2011).  
 
The aforementioned results from large-scale, 
prospective and cross-sectional epidemiological 
studies provide substantial evidence suggesting that 
decreases in parasympathetic input, as measured 
by VM-HRV, precedes the development of 
hypertension which is considered as the single most 
important risk factor for cardiovascular disease. In 
addition, these studies indicate that parasympathetic 
input, as indexed via VM-HRV, is lower in 
hypertensives than in normotensives even when 
these patients are treated with antihypertensive 
pharmacotherapy. 
 
Addressing Autonomic Imbalances Associated 
with Hypertension 
Self-regulation techniques, like heart rate variability 
biofeedback (HRVB), and neuromodulation 
techniques, like cranial electrotherapy stimulation 
(CES), have been successfully used to improve VM-
HRV, and therefore autonomic imbalances which 
correlate with increased mortality and poor 
functional outcomes including elevated human 
arterial hypertension. 

Heart Rate Variability Biofeedback 
HRVB enables individuals to learn how to alter, and 
thus self-regulate, the variability and dominant 
rhythms of the cardiac function inducing beneficial 
adjustments in VM-HRV indices (Lehrer & Gevirtz, 
2014). For example, a recent randomized controlled 
trial pointed out that HRVB increased VM-HRV 
indices in acute ischemic stroke patients that 
displayed autonomic deregulation, including cardiac 
autonomic dysfunction compared to sham 
biofeedback (Siepmann et al., 2021). As expected, 
patients included in the active HRVB condition also 
benefited from significant reductions in autonomic 
symptoms. Such changes in observed indices of 
VM-HRV following HRVB are associated with 
enhancements in functional connectivity between 
CAN’s neural structures exerting prefrontal control 
and those responsible for its sympathetic output. For 
instance, the resting state functional connectivity 
between vmPFC and the amygdala was 
strengthened following HRVB (Schumann et al., 
2021).  
 
Despite the aforementioned, systematic reviews 
examining the effects of HRVB on hypertension 
produced inconsistent results (Costa Vital et al., 
2021; Greenhalgh et al., 2010; Nagele et al., 2014; 
Nakao et al., 2003). The majority of these studies 
reported high heterogeneity highlighting differences 
in interventions and inconsistencies in the 
measurement of outcomes observed that prevented 
the characterization of the evidence for the 
association between HRVB and hypertension.  
 
One important aspect contributing to the observed 
heterogeneity is the preexisting and concurrent use 
of antihypertensive pharmacotherapy along HRVB 
interventions (Linden & Chambers, 1994). This limits 
the potential effects of the HRVB intervention as the 
blood pressure levels of pharmacologically treated 
participants are often low when starting HRVB 
(McGrady, 2010). In support, randomized, double 
blind, placebo-controlled studies that included 
patients that had already been treated 
pharmacologically found no significant effect of 
HRVB on hypertension (Landman et al., 2013). On 
the contrary, randomized control trials that either 
included only unmedicated outpatients or statistically 
controlled for the effects of antihypertensive 
pharmacotherapy reported significant decreases in 
hypertension following HRVB compared to active 
control (Nolan et al., 2010; Palomba et al., 2011). In 
addition, studies examining the nature of 
cardiovascular reactions following HRVB suggested 
that this intervention is beneficial for patients treated 
with antihypertensive pharmacotherapy as it leads to 
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pronounced reactivity of vagal mechanism 
(Poskotinova et al., 2013). This is of particular 
importance given that hypertensives treated 
pharmacologically still display significant decreases 
in VM-HRV compared to normotensives (Cowan et 
al., 1993; Liao et al., 1996; Mussalo et al., 2001).  
 
Taken together, the abovementioned research 
findings pointed out that HRVB is able to increase 
indices of VM-HRV and enhance functional 
connectivity between CAN’s neural structures 
exerting prefrontal control with those responsible for 
its sympathetic output. Such evidence suggested 
that HRVB is able to influence the neural 
mechanisms controlling blood pressure regulation. 
Given that the majority of patients with hypertension 
are already being treated pharmacologically, and 
having in mind that HRVB leads to pronounced 
reactivity of vagal mechanism even in patients 
treated pharmacologically, HRVB represents a 
promising intervention that should supplement 
pharmacotherapy. Besides this, patients with 
prehypertension may thus be the ideal population for 
HRVB, since their blood pressure is elevated, but 
not to a level that it would prompt the prescription of 
antihypertensive medication (McGrady, 2010). 
 
Cranial Electrotherapy Stimulation 
Noninvasive brain stimulation techniques, like CES, 
deliver low-intensity (50 μA to 4 mA) electrical 
current via electrodes attached to anatomical 
positions around the head to modulate the activity of 
the central and/or peripheral nervous system. 
Neuromodulation techniques can be an effective 
method to regulate the cardiovascular system given 
that noninvasive brain stimulation can influence 
autonomic imbalances that lead to hypertension 
(Cogiamanian et al., 2010). In point of fact, recent 
randomized, double blind, placebo-controlled trials 
reported significant increases in indices of VM-HRV 
following noninvasive CES as compared to sham 
CES (Altemus, 2019).  
 
Likewise, randomized control studies examining the 
effect of CES on hypertension produced 
encouraging results supporting the use of 
noninvasive brain stimulation for the treatment of 
hypertension. For example, the early use of CES 
neuromodulation methods in hypertensive patients 
within a clinical pre–post paradigm resulted in an 
enhancement of parasympathetic modulation of 
cardiovascular outcomes and significant decreases 
in mean arterial blood pressure that stabilized within 
the normal range (Podzolkov et al., 1992). In 
addition, the preoperative administration of CES to 
hypertensive patients scheduled for surgery resulted 

in substantial (3–4 mmHg), albeit statistically 
nonsignificant, decreases in arterial blood pressure 
(Kang et al., 2020). Moreover, a recent randomized 
controlled trial pointed out that CES leads to a 
significantly improved blood pressure profile via the 
regulation of systolic and diastolic blood pressure 
(Mohammadi et al., in press).  
 
On the whole, studies examining the effect of CES 
highlighted its ability to improve VM-HRV and 
produced promising results regarding its use for the 
treatment of hypertension. However, the limited 
number of relevant studies accounting for the floor 
effect created by antihypertensive pharmacotherapy 
and the observed variation in CES interventions, 
including target sites, obscures CES’s effect on 
hypertension. As such, further studies are necessary 
to elucidate the association between CES and 
hypertension. 
 

Conclusion 
 
The physiological substrates of the stress response, 
including prefrontal control, HPA, and SAM axes, 
support its role in the development and progression 
of hypertension. However, the examination of the 
relationship between exposure to stressors and 
hypertension was unsuccessful in confirming the 
underlying hypotheses in a decisive manner. 
Systematic reviews examining the effect of 
psychosocial stressors and anxiety on hypertension 
produced spurious results. The variability in the 
operationalization of stress and subsequent 
reactivity in these studies meant that relevant meta-
analytic efforts suffered from strong heterogeneity 
that hindered the characterization of the evidence for 
the association between exposure, subsequent 
physiological reactivity, and risk for hypertension. 
This is of paramount importance as physiological 
reactivity to stressors constitutes a biological 
interface mechanism through which stressors affect 
blood pressure regulation.  
 
The neural substrates of VM-HRV indicate that it is 
able to assimilate such an interfacing mechanism. In 
support, large-scale prospective and cross-sectional 
epidemiological studies provided substantial 
evidence linking decreases in VM-HRV with the 
development and progression of hypertension, 
hence indicating that individuals’ reactivity to 
stressors, as measured via VM-HRV, amplify 
individuals’ risk for the development and progression 
of hypertension. Within this context, VM-HRV can 
reinforce current screening initiatives in predicting 
future risk of hypertension and support treatment 
related prognosis.  
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Self-regulation techniques, like HRVB, and 
neuromodulation techniques, like CES, are able to 
enhance VM-HRV, and therefore the 
parasympathetic modulation of cardiovascular 
outcomes, thereby addressing autonomic 
imbalances associated with hypertension. Relevant 
evidence suggested that HRVB should supplement 
pharmacotherapy in hypertensive patients and be 
considered as a first line treatment for 
prehypertension.  Similarly, neuromodulation 
methods, like CES, produced promising results for 
the treatment of hypertension. However, further 
studies are needed to clarify the observed 
relationship between CES and hypertension. 
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