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Abstract
Pain is a frequent and clinically meaningful feature of both neurological and 
cardiovascular diseases, yet it is rarely examined from an integrated brain–heart 
perspective. Growing evidence indicates that pain perception, autonomic regulation, 
and cardiovascular vulnerability are closely interconnected through shared 
central networks, particularly the insula, cingulate cortex, and brainstem, as well 
as peripheral neuroimmune and neuroendocrine pathways. Despite this progress, 
current knowledge remains fragmented across neurology, cardiology, and pain 
medicine, limiting mechanistic insight and translational application. This narrative 
review synthesizes literature published from January 2020 to December 2025 on 
pain within brain–heart interactions. The synthesis highlights mechanistic pathways, 
clinical pain phenotypes, prognostic relevance, and emerging therapeutic strategies 
bridging neurological and cardiovascular domains. Key thematic areas include 
stroke–heart syndrome and central autonomic dysfunction, central post-stroke 
pain and maladaptive nociceptive processing, the role of chronic pain as a modifier 
of cardiovascular risk, the burden and impact of pain in heart failure and cardiac 
surgery survivorship, advances in neuroimaging of central autonomic networks, and 
the translational potential of neuromodulatory interventions such as vagal nerve 
and spinal cord stimulation. The reviewed evidence supports the concept of pain as 
a mechanistic “connector” between brain and heart diseases, influencing symptoms, 
disease progression, and outcomes. However, heterogeneity in pain definitions, 
study designs, and outcome measures continues to limit causal interpretation. A 
unified pain–brain–heart framework, incorporating harmonized phenotyping and 
mechanism-informed research, is warranted to advance precision assessment and 
management in this complex clinical domain.
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1. Introduction 
Pain is increasingly recognized not merely as a symptom 
accompanying disease, but as a systems-level stressor 
capable of exerting profound and sustained effects on 
human physiology.1 Beyond its sensory and affective 
dimensions, pain influences autonomic balance, 
neuroendocrine activity, immune and inflammatory 
pathways, sleep architecture, physical mobility, and mental 
health.2 Through these interconnected domains, pain 
can actively shape both neurological and cardiovascular 
outcomes, contributing to disease progression, disability, 
and reduced quality of life.3 Advances in neurocardiology 
have provided a unifying framework for understanding 
these interactions, emphasizing the role of the central 
autonomic network (CAN) as a key integrative system.4 
The CAN comprises interconnected cortical and 
subcortical structures (including the insula, midcingulate 
and anterior cingulate cortices, amygdala, hypothalamus, 
and brainstem nuclei) that integrate interoceptive, 
emotional, cognitive, and nociceptive signals while 
regulating sympathetic and parasympathetic outflow to the 
heart.5 Importantly, these same regions are central to pain 
perception, salience detection, and affective-motivational 
processing, suggesting a shared neurobiological substrate 
for pain modulation and cardiovascular control. Meta-
analytic neuroimaging studies have consolidated the 
CAN as a reproducible functional circuit anchored in the 
dorsal anterior insula and midcingulate cortex, providing 
robust anatomical and functional evidence for brain–
heart coupling that is directly relevant to pain processing.6 
In parallel, cerebrovascular research has formalized the 
concept of stroke–heart syndrome, describing a spectrum 
of acute and delayed cardiovascular complications 
following ischemic stroke.7 These complications (including 
arrhythmias, myocardial injury, heart failure exacerbation, 
and sudden cardiac death) are largely mediated by 
autonomic dysregulation, excessive catecholaminergic 
activation, systemic inflammation, and disruption of 
central regulatory networks.8,9 Notably, many of these 
mechanisms overlap with those implicated in chronic pain 
persistence and central sensitization, including impaired 
descending inhibition, sustained sympathetic activation, 
and neuroimmune crosstalk.10,11 This convergence has 
prompted growing interest in an integrative pain–brain–
heart research agenda, in which pain is considered both 
a consequence and a potential amplifier of neurocardiac 
dysfunction.12,13

Experimental and clinical neuroimaging studies further 
reinforce this integrative view. Functional connectivity 
within pain-related cortical and brainstem networks, 
such as interactions between the dorsal anterior cingulate 

cortex and periaqueductal gray, has been shown to covary 
with autonomic indices, including heart rate variability, 
supporting direct coupling between pain processing 
and autonomic regulation.14,15 These findings challenge 
traditional models that treat pain and cardiovascular 
control as parallel but independent processes, instead 
suggesting partially shared regulatory circuitry.

From a clinical standpoint, pain is highly prevalent 
across cardiovascular disease states, including heart failure 
and post-cardiac surgery survivorship.16-18 However, 
it is often under-recognized, inconsistently assessed, 
and rarely addressed within a mechanistic brain–heart 
framework. Large population-based studies in heart failure 
populations demonstrate a substantial burden of chronic 
pain, including chronic widespread pain, with significant 
implications for physical function, psychological well-
being, and overall quality of life.19 Despite this, pain 
remains largely peripheral in cardiovascular guidelines 
and care pathways.

Against this background, a narrative synthesis of recent 
evidence is warranted. This review discusses literature 
published between 2020 and 2025 that explores pain 
within the context of brain–heart interactions, with the 
aim of clarifying key mechanisms, highlighting emerging 
clinical phenotypes, and identifying conceptual and 
methodological gaps. By integrating perspectives from 
neuroscience, cardiology, and pain medicine, this review 
seeks to advance a more unified and mechanism-informed 
understanding of pain in brain and heart diseases, thereby 
informing future research directions and translational 
strategies.

1.1. Terminology and core definitions

Given the cross-disciplinary scope of this review, spanning 
neurology, cardiology, and pain medicine, the following 
definitions are provided upfront to harmonize nomenclature 
and ensure conceptual clarity across readerships. Table 1 
presents the key terminology and conceptual constructs 
adopted in this review. Definitions were aligned with the 
terminology proposed by the International Association 
for the Study of Pain (IASP)20 whenever available. For 
concepts not formally defined within IASP terminology, 
landmark references describing the original conceptual 
framework are reported, accompanied where possible by 
recent supporting publications to reflect contemporary use 
of these constructs (Table 1).

2. Methods 
This narrative review was conducted in accordance with 
the principles of the Scale for the Assessment of Narrative 
Review Articles (SANRA), which provides a structured 
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Table 1. Glossary of core constructs used in this review

Term Definition Key references

Central autonomic network

An interconnected network of cortical and subcortical structures, including 
the insula, anterior and midcingulate cortices, amygdala, hypothalamus, 
and brainstem nuclei, that integrates interoceptive, emotional, cognitive, 
and nociceptive signals while regulating sympathetic and parasympathetic 
outflow to the heart and other viscera.

Ferraro et al.6

Nociceptive pain

Pain arising from actual or threatened damage to non-neural tissue, caused 
by activation of peripheral nociceptors. The somatosensory nervous system 
itself is functionally intact. Serves a protective biological role and is the 
predominant pain type in inflammatory and musculoskeletal conditions.

IASP20,21

Neuropathic pain

Pain caused by a lesion or disease of the somatosensory nervous system 
(peripheral or central). Characterized by spontaneous pain, allodynia, 
hyperalgesia, and sensory abnormalities in a neuroanatomically plausible 
distribution. Central post-stroke pain is a prototypical central neuropathic 
pain syndrome addressed in this review.

Treede et al.22,23

Nociplastic pain

Pain arising from altered nociception despite no clear evidence of tissue 
damage or somatosensory nerve lesion. Reflects central sensitization and 
dysfunctional endogenous pain modulation. Encompasses conditions such 
as fibromyalgia and chronic widespread pain. Formally introduced by the 
International Association for the Study of Pain in 2016 to complement the 
nociceptive/neuropathic classification.

Kosek et al.24,25

Pain phenotype

A clinically and mechanistically characterized pain profile encompassing 
pain type (nociceptive, neuropathic, nociplastic, or mixed), distribution, 
intensity, temporal pattern, and associated sensory or autonomic features. 
Phenotyping enables mechanism-informed stratification and is essential for 
comparing findings across neurological, cardiovascular, and pain medicine 
research.

Fillingim et al.26,27

Central sensitization

Amplification of nociceptive signaling within the central nervous 
system resulting in pain hypersensitivity, including allodynia, temporal 
summation, and spread of sensitivity beyond the primary site of injury. A 
key mechanism underlying nociplastic pain and chronic pain persistence; 
mechanistically linked to autonomic dysregulation through shared central 
autonomic network circuitry.

IASP20,28

framework to enhance transparency, methodological rigor, 
and scientific credibility in narrative evidence synthesis.29 
In accordance with the SANRA methodology, we 
structured our paper around its six evaluative components:

(i)	 Justification of importance: pain at the brain–heart 
interface represents a clinically under-addressed 
and mechanistically complex domain with direct 
implications for neurological and cardiovascular 
practice, as detailed in Section 1. 

(ii)	 Statement of aims: the review aims to synthesize 
contemporary evidence on shared pain-autonomic-
cardiovascular mechanisms, identify clinical 
phenotypes, and map translational gaps, as specified 
in Section 2.1. 

(iii)	Literature search: a systematic, reproducible search 
strategy was applied across four major databases with 
predefined Boolean terms, date filters, and eligibility 
criteria, as described in Sections 2.2 and 2.3. 

(iv)	 Referencing standards: only peer-reviewed 

publications in English were included; primary 
sources were prioritized over secondary citations 
where available. 

(v)	 Scientific reasoning: evidence was appraised and 
synthesized thematically with explicit narrative 
judgment of methodological quality, as described in 
Section 2.4. 

(vi)	 Presentation of data: findings are organized into seven 
thematic domains reflecting mechanistic, clinical, and 
translational dimensions, with consistent structure 
across subsections to facilitate cross-disciplinary 
reading.

2.1. Review aim and scope

The primary aim of this narrative review was to synthesize 
contemporary evidence on the role of pain within 
brain–heart interactions, with particular attention to 
shared neuroanatomical, autonomic, neuroimmune, and 
clinical pathways linking neurological and cardiovascular 
diseases. The scope was intentionally interdisciplinary, 
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encompassing neuroscience, cardiology, pain medicine, 
and related translational fields. To ensure clinical and 
conceptual relevance, the review focused on adult human 
studies and emphasized mechanistic insight, clinical 
phenotypes, and therapeutic implications rather than 
exhaustive quantitative comparison.

2.2. Literature search strategy

A comprehensive literature search was performed across 
four major electronic databases: MEDLINE/PubMed, 
Embase, Scopus, and Web of Science Core Collection. 
The search was limited to peer-reviewed publications 
published between January 1, 2020, and December 31, 
2025, to capture contemporary concepts, methodologies, 
and classifications relevant to brain–heart–pain 
interactions. Search terms were developed iteratively and 
combined controlled vocabulary (where applicable) with 
free-text keywords related to pain (e.g., “pain,” “chronic 
pain,” “central sensitization,” “nociplastic pain,” “mixed 
pain”), brain–heart interactions (e.g., “brain-heart 
axis,” “neurocardiology,” “central autonomic network,” 
“autonomic dysfunction”), and clinical conditions of 
interest (e.g., “stroke,” “heart failure,” “cardiovascular 
disease,” “cardiac surgery”). Boolean operators and 
database-specific filters were applied to optimize sensitivity 
while maintaining relevance. When referring to the 
development and validation of assessment instruments, 
questionnaires, or methodological frameworks, the 
original methodological publications were intentionally 
cited, even when published prior to 2020, as these represent 
the primary sources describing the conceptual design and 
validation of the instruments. 

The database-specific search strategies are summarized 
in Table 2.

2.3. Study selection and eligibility

In keeping with SANRA guidance, inclusion criteria 
were predefined but applied flexibly to allow conceptual 
breadth. Eligible publications included original clinical or 
translational research, systematic and narrative reviews, 
and meta-analyses involving adult human populations that 
explicitly addressed pain in the context of neurological and/
or cardiovascular disease, with reference to autonomic, 
neurocardiac, neuroimmune, or central pain-processing 
mechanisms. Animal-only studies, conference abstracts 
without full text, editorials, and commentaries lacking 
original data or substantive synthesis were excluded. 
To enhance reproducibility, eligibility decisions were 
made by two reviewers (A.P., D.M.) independently, with 
discrepancies resolved through discussion and consensus. 
A pilot screening phase was conducted on a random 

sample of 20 records prior to full screening to calibrate the 
application of inclusion criteria and minimize subjective 
variability inherent to the flexible eligibility approach 
required by this review’s interdisciplinary scope.

2.4. Evidence synthesis and narrative integration

Rather than formal data extraction or quantitative 
pooling, the included literature was critically appraised 
and thematically synthesized. Studies were grouped into 
conceptual domains, such as stroke–heart interactions and 
autonomic dysfunction; central post-stroke pain (CPSP) 
and central nervous system (CNS) reorganization; overlap 
between CAN architecture and pain circuitry; pain burden 
in heart failure and cardiovascular populations; chronic 
pain as a cardiovascular risk modifier and outcome 
driver; post-cardiac surgery pain and survivorship; and 
neuromodulation at the intersection of pain relief and 
cardiac autonomic control, based on mechanistic and 
clinical relevance. Emphasis was placed on consistency 
of findings, biological plausibility, translational value, and 
identification of knowledge gaps.

In accordance with SANRA methodology, the review 
does not aim to provide exhaustive coverage or formal 
risk-of-bias assessment, but instead offers a reasoned, 
evidence-informed narrative that integrates current 
knowledge, highlights methodological limitations, and 
proposes directions for future research at the intersection 
of pain, brain, and heart diseases.

3. Results
The narrative synthesis of the literature published 
between 2020 and 2025 revealed a rapidly expanding and 
conceptually convergent body of evidence supporting the 
relevance of pain within brain–heart interactions. For 
clarity, the results are presented across seven thematic 
domains, reflecting mechanistic, clinical, and translational 
dimensions of the field.

3.1. Stroke-heart interactions and autonomic 
dysfunction as a mechanistic substrate

A substantial portion of the contemporary literature has 
focused on the bidirectional relationship between acute 
brain injury and cardiovascular dysfunction, formalized 
under the concept of stroke–heart syndrome. High-impact 
reviews and consensus statements describe how ischemic 
stroke can precipitate a spectrum of cardiac complications, 
including arrhythmias, myocardial injury, stress 
cardiomyopathy, and heart failure exacerbation, through 
mechanisms such as central autonomic dysregulation, 
excessive catecholamine release, systemic inflammation, 
and disruption of regulatory brain networks.8,30 These 
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Table 2. Database-specific search strategies

Database Search string Date range/filters Initial returns 
(approx.)

Number of 
included studies

MEDLINE (via 
PubMed)

(“pain”[MeSH] OR “chronic pain”[MeSH] OR 
“nociception”[MeSH]) AND (“heart”[MeSH] OR 
“cardiovascular system”[MeSH] OR “autonomic nervous 
system”[MeSH]) AND (“brain”[MeSH] OR “central 
nervous system”[MeSH] OR “neurocardiology”)

2020–2025; English; 
humans 1,392 28

Embase

(pain OR chronic pain OR nociception) AND (heart 
OR cardiovascular OR autonomic nervous system) 
AND (brain OR neurocardiology OR central autonomic 
network)

2020–2025; English; 
humans 1,010 18

Scopus
TITLE-ABS-KEY(pain AND (brain OR neurocardiology) 
AND (heart OR cardiovascular OR autonomic)) AND 
PUBYEAR > 2019 AND PUBYEAR < 2026

2020–2025; English 1,160 14

Web of Science 
Core Collection

TS = (pain AND (brain-heart OR neurocardiology OR 
central autonomic network) AND (cardiovascular OR 
autonomic))

2020–2025; English 980 9

Total and included 4,542 47

Note: Counts of included records by database are not additive because the same study could be retrieved from more than one database; after 
de-duplication and screening, 47 unique studies were included.

processes underscore the vulnerability of the cardiovascular 
system to CNS injury and highlight the CAN as a critical 
mediator of brain-driven cardiac pathology.

More recent studies have refined this model by 
emphasizing the role of insular cortex involvement, 
demonstrating that insular lesions are associated 
with autonomic asymmetry, altered sympathetic-
parasympathetic balance, and worse cardiovascular 
outcomes.31 This finding is particularly relevant to the 
present review, as the insula is also a core hub for pain 
perception and interoception. Lesions affecting this region 
therefore represent a plausible anatomical bridge linking 
dysregulated pain processing with altered cardiovascular 
control. Complementing this perspective, a 2025 narrative 
review focusing on autonomic dysfunction after stroke 
highlights its high prevalence, prognostic significance, and 
emerging diagnostic and therapeutic strategies, including 
autonomic testing and targeted modulation.32

Although pain outcomes are rarely primary endpoints 
in stroke-heart studies, this body of work provides a robust 
neurobiological framework within which pain could 
influence cardiac risk and, conversely, cardiac dysfunction 

could shape central pain processing. The characterization 
of CAN injury and dysregulation constitutes a foundational 
substrate for integrating pain into stroke-heart models. The 
consensus statements and narrative reviews underpinning 
this section are methodologically robust in synthesis 
scope, but most primary studies are observational and 
single-center, with limited sample sizes and inconsistent 
autonomic measurement protocols, which constrain 
causal inference regarding CAN-mediated pain-cardiac 
interactions.

3.2. Central post-stroke pain and central nervous 
system reorganization

Central post-stroke pain remains one of the most studied 
examples of brain-driven chronic pain and serves as a 
prototypical model of maladaptive central reorganization 
following focal brain injury.33 Comprehensive integrative 
systematic reviews synthesized evidence on lesion 
localization, somatotopic patterns, clinical manifestations, 
and neurophysiological alterations associated with CPSP, 
emphasizing the role of disrupted sensory integration, 
impaired descending inhibitory control, and maladaptive 
plasticity.33,34
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Although CPSP research has traditionally focused on 
sensory and functional outcomes rather than cardiovascular 
consequences, its mechanistic underpinnings are highly 
relevant to brain–heart interactions. In particular, CPSP 
frequently involves lesions affecting the thalamus, insula, 
brainstem, and spinothalamic pathways, regions that 
also participate in autonomic regulation.35 Experimental 
and clinical studies suggest that such lesions may 
simultaneously predispose patients to chronic pain and 
autonomic instability, potentially coupling pain syndromes 
with dysautonomia and cardiovascular vulnerability.36 
Thus, CPSP provides an important conceptual parallel to 
stroke–heart syndrome, illustrating how localized brain 
injury can result in persistent, system-wide consequences 
that extend beyond the primary neurological deficit. 
The absence of integrated cardiovascular assessments in 
CPSP studies represents a notable gap identified through 
this review. The 2021 systematic review on CPSP applied 
explicit inclusion criteria and neurophysiological outcome 
mapping, representing the strongest methodological 
contribution in this section; however, the small number 
of eligible primary studies (n = 4 with quantitative 
neurophysiological data) and their heterogeneous TMS 
parameters limit the generalizability of conclusions.

3.3. Overlap between central autonomic network 
architecture and pain circuitry

From a systems–neuroscience perspective, convergent 
lines of evidence indicate considerable overlap between 
neural circuits involved in autonomic control and those 
subserving pain processing. A landmark meta-analysis 
published in 2022 consolidated data from multiple 
neuroimaging studies to define the CAN as a reproducible 
functional network centered on the dorsal anterior insula 
and midcingulate cortex.6 These regions emerged as key 
integrative nodes coordinating viscero-sensory input, 
emotional salience, cognitive control, and autonomic 
output. This overlap is highly relevant for understanding 
the pain–brain–heart interface, as the same regions are 
consistently implicated in pain chronification, threat 
appraisal, and interoceptive awareness. Experimental pain 
neuroimaging studies provide robust mechanistic evidence 
for this integration. Resting-state functional connectivity 
analyses have demonstrated that baseline low-frequency 
heart rate variability (LF-HRV) predicts functional 
connectivity changes in both the dorsal anterior cingulate 
cortex and periaqueductal gray during pain stimulation.14 
Specifically, a three-way relationship exists between 
cardiac autonomic indices, cortical brain networks 
underpinning pain processing, and subjectively reported 
pain experiences.14 During experimental pain, functional 
connectivity between these seed regions and other cortical 

areas, including the right dorsolateral prefrontal cortex, 
left anterior insula, and precuneus, correlates significantly 
with both LF-HRV measurements and pain ratings.2,14 
This convergent evidence establishes that cardiovascular 
autonomic parameters are directly linked to brain activity 
changes involved in nociceptive information processing, 
providing a neurobiological substrate for the reciprocal 
relationship between autonomic and pain-related systems. 
All these findings challenge reductionist models that 
treat pain and cardiovascular control as independent 
processes. Instead, they support a framework in which 
both are partially co-governed by shared central networks, 
providing a neurobiological rationale for the observed 
clinical associations between pain, dysautonomia, and 
cardiovascular outcomes.37 The 2022 neuroimaging 
meta-analysis consolidating CAN architecture used pre-
registered coordinates and GingerALE software across 
multiple datasets, representing high methodological 
rigor. The experimental pain–heart rate variability (HRV) 
connectivity study, while mechanistically compelling, was 
conducted in healthy volunteers with a modest sample 
size, limiting direct clinical translation to cardiovascular or 
neurological patient populations.

3.4. Pain burden in heart failure and cardiovascular 
populations 

Epidemiological and clinical studies published during 
the review period consistently demonstrate that pain is 
highly prevalent and clinically significant in cardiovascular 
disease, particularly in heart failure populations. Data 
from the HUNT study indicate that individuals with 
heart failure experience high rates of chronic pain and 
chronic widespread pain, often with moderate to severe 
intensity and substantial impact on daily functioning.19 
These findings support the conceptualization of pain as 
a core comorbidity rather than a secondary or incidental 
symptom. Additional cohort and cross-sectional studies 
reinforce these observations, reporting associations 
between pain severity and reduced quality of life, increased 
psychological distress, and impaired physical capacity in 
heart failure patients.38 Despite this, pain assessment remains 
inconsistent in cardiovascular practice, and mechanistic 
explanations linking pain to disease progression are rarely 
explored. The reviewed literature highlights a disconnect 
between the recognized burden of pain and its limited 
integration into cardiovascular care pathways. The HUNT 
study provides relatively strong epidemiological evidence 
because of its large population base and use of validated 
pain measures. Other cross-sectional studies are further 
limited by self-reported pain measures, lack of detailed 
pain phenotyping, and inadequate control for cardiac 
disease severity and analgesic use.
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3.5. Chronic pain as a cardiovascular risk modifier 
and outcome driver

Beyond simple coexistence, an emerging body of 
longitudinal evidence suggests that chronic pain may act 
as a modifier of cardiovascular risk and outcomes. Recent 
cohort studies published between 2024 and 2025 have 
examined pain trajectories, multisite pain, and chronic 
pain burden in relation to incident cardiovascular events 
and surrogate risk markers.39 These studies provide 
empirical support for mechanistic hypotheses involving 
sustained sympathetic activation, hypothalamic-pituitary-
adrenal axis dysregulation, chronic inflammation, physical 
inactivity, and adverse health behaviors. A comprehensive 
2025 review in preventive cardiology synthesizes these 
findings and emphasizes that chronic pain shares multiple 
risk factors with cardiovascular disease, including obesity, 
depression, sleep disturbance, and socioeconomic 
stressors.40 While this domain is characterized by 
methodological heterogeneity (particularly in pain 
definitions, exposure measurement, and confounding 
control), it has reached sufficient maturity to warrant 
structured mapping and targeted hypothesis testing. A 
2024 United Kingdom (UK) Biobank study analyzing 
nearly 422, 654 individuals provided compelling evidence 
for a dose-response relationship between chronic pain 
burden and cardiovascular dysfunction.41 Participants 
with chronic pain in multiple sites demonstrated 
significantly greater cardiovascular risk compared to those 
with single-site or no pain, with arterial stiffness indices 
increasing proportionally with the number of pain sites. 
This finding was corroborated by data from the China 
Health and Retirement Longitudinal Study (CHARLS), 
which demonstrated that dynamic changes in pain 
status, particularly worsening or persistent pain, were 
independently associated with incident cardiovascular 
disease in middle-aged and elderly populations.39 Moreover, 
recent work has established chronic pain as a modifiable 
perioperative cardiovascular risk factor: preoperative 
chronic pain affects up to 30% of surgical patients and is 
associated with increased perioperative cardiovascular 
morbidity, with attributable risk comparable to traditional 
cardiovascular risk factors.42 These converging lines of 
evidence position chronic pain assessment as an essential 
component of cardiovascular risk stratification.

Recent mechanistic research has elucidated specific 
pathways through which chronic pain influences 
cardiovascular health. Chronic pain is associated with 
sustained sympathetic nervous system activation, 
contributing to elevated blood pressure, increased heart 
rate, and reduced heart rate variability, all established 
cardiovascular risk factors.37 Beyond autonomic 

dysregulation, chronic pain promotes systemic low-grade 
inflammation characterized by elevated C-reactive protein, 
interleukin-6, and tumor necrosis factor-alpha, which 
accelerate atherosclerosis and endothelial dysfunction.23,43 
The neuroimmune interface is particularly relevant: 
central sensitization processes that maintain chronic pain 
share molecular pathways with cardiovascular pathology, 
including microglial activation and neuroinflammatory 
cascades.43,44 Depression and social isolation, both highly 
prevalent in chronic pain populations and associated 
with worse cardiovascular outcomes, further amplify 
cardiovascular risk through combined behavioral and 
biological mechanisms.43 Importantly, these mechanistic 
insights suggest that interventions targeting chronic 
pain may confer cardiovascular protective effects, 
representing a dual therapeutic opportunity warranting 
systematic investigation.43 The UK Biobank analysis 
provides the highest level of epidemiological evidence 
in this section, with nearly 500,000 participants and 
objective arterial stiffness measures, though the cross-
sectional design precludes causal inference. The CHARLS 
longitudinal data strengthen temporality, but rely on self-
reported pain without mechanistic phenotyping. The 
perioperative cardiovascular risk estimate is derived from 
a narrative review and requires prospective validation with 
standardized pain assessment tools.

3.6. Post-cardiac surgery pain and survivorship

Persistent pain following cardiac surgery has gained 
increasing attention as a survivorship issue rather than a 
purely perioperative complication. Contemporary reviews 
highlight that chronic postsurgical pain intersects with 
psychological vulnerability, autonomic dysregulation, and 
impaired participation in cardiac rehabilitation.45 A 2025 
review synthesizes evidence on incidence, risk factors, and 
clinical trajectories of chronic pain after cardiac surgery, 
situating it within broader recovery and long-term 
outcome frameworks.46

While earlier meta-analyses established baseline 
incidence estimates, recent studies expand on pain 
phenotyping, the role of anxiety and central sensitization, 
and the need for integrated perioperative care models. 
These developments underscore the relevance of brain–
heart mechanisms in shaping long-term pain outcomes 
after cardiac interventions. Evidence in this section is 
predominantly derived from narrative and scoping reviews 
with variable primary study quality. Incidence estimates 
for chronic postsurgical pain vary widely across studies 
due to inconsistent pain duration thresholds, assessment 
timepoints, and case definitions, reflecting the absence 
of a universally adopted diagnostic framework for this 
population.
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3.7. Neuromodulation at the intersection of pain 
relief and cardiac autonomic control

Neuromodulation represents a key translational domain 
linking mechanistic insights to therapeutic application. 
In refractory angina, spinal cord stimulation (SCS) has 
been extensively reviewed as an intervention capable of 
reducing pain while modulating sympathetic activity.47 
A 2025 review provides an updated synthesis of SCS 
mechanisms, clinical efficacy, and safety in refractory 
angina populations48, with emerging prospective studies 
continuing to evaluate its role.49 Similarly, transcutaneous 
vagus nerve stimulation (t-VNS) has been investigated 
in heart failure and related conditions. A 2025 review 
summarizes evidence suggesting improvements in 
functional capacity, inflammatory markers, and autonomic 
balance.50 Although pain outcomes are rarely primary 
endpoints in these trials, vagal modulation plausibly 
influences pain through anti-inflammatory reflexes and 
central autonomic pathways. This domain highlights both 
the promise and the current limitations of neuromodulation 
research, particularly the tendency to silo cardiac and pain 
outcomes rather than integrating them within a unified 
pain–brain–heart framework. Together, these domains 
delineate a coherent yet fragmented evidence base, 
underscoring both the maturity of the field and the need 
for integrative, mechanism-informed approaches in future 
research. The SCS evidence base consists largely of small 
uncontrolled or single-arm studies, with the 2025 review48 
acknowledging limited randomized trial data in refractory 
angina. The t-VNS meta-analysis included 10 RCTs with a 
pooled sample of 374 patients, providing moderate-quality 
evidence for cardiac functional outcomes, but pain was 
not assessed as a primary endpoint in any included trial, 
substantially limiting conclusions about analgesic efficacy 
in this population.

From a translational standpoint, the following 
assessment protocol is proposed for clinical and research 
settings evaluating patients at the pain–brain–heart 
interface. At first contact, a minimum screening battery 
should include: a validated pain questionnaire capturing 
type, distribution, intensity, and temporal pattern (e.g., 
PainDETECT for neuropathic screening51, the Brief Pain 
Inventory for functional impact52); a short autonomic 
assessment comprising resting heart rate variability and 
orthostatic blood pressure response; and a cardiovascular 
risk summary score (e.g., SCORE253 or equivalent). In 
patients with confirmed chronic pain and cardiovascular 
comorbidity, a second-tier assessment should add 
quantitative sensory testing for central sensitization 
profiling, 24-h ambulatory blood pressure monitoring, 
and echocardiographic evaluation of diastolic function 

where clinically indicated. This stratified approach allows 
risk categorization into three operationally distinct 
profiles: predominant nociceptive pain with preserved 
autonomic function (lower cardiovascular interaction 
risk); neuropathic or nociplastic pain with autonomic 
dysregulation (intermediate risk, requiring integrated 
neurocardiology input); and mixed pain phenotype with 
established cardiovascular disease (high risk, warranting 
coordinated pain-cardiology care). These profiles are not 
diagnostic categories but pragmatic stratification anchors 
to guide research design and inform multidisciplinary 
clinical triage.

To illustrate the bidirectional interactions between 
the cardiovascular system and CNS, Figure 1 summarizes 
the major clinical and mechanistic pathways linking 
brain and pain-related brain dysfunction with cardiac 
outcomes, and conversely cardiac pathology with pain, 
neuroinflammation, and central reorganization.

Table 3 summarizes the reviewed literature into 
the thematic domains, detailing study characteristics, 
methodological approaches, and key contributions to 
understanding pain within brain–heart interactions.

4. Discussion 
The body of evidence published between 2020 and 2025 
collectively supports the existence of a biologically plausible 
and clinically relevant pain–brain–heart continuum, in 
which pain emerges not as a passive epiphenomenon but 
as an active systems-level modifier of both neurological 
and cardiovascular function. While pain, brain disorders, 
and heart disease have traditionally been investigated 
within distinct disciplinary silos, recent advances in 
neuroimaging, autonomic physiology, and large-scale 
cardiovascular epidemiology now allow these domains to 
be integrated into a coherent conceptual framework. This 
narrative review highlights how convergent mechanistic, 
clinical, and translational findings increasingly support 
such integration. Several narrative reviews addressing 
aspects of the brain–heart axis have been published since 
2022, and it is important to situate the present work within 
this landscape. Scheitz et al.9 provided an authoritative 
synthesis of stroke–heart syndrome mechanisms 
and clinical management, while Hu et al.12 reviewed 
neuroinflammatory interactions along the brain–heart 
axis with a focus on cardiovascular disease pathogenesis. 
More recently, Valenza et al.54 published a comprehensive 
mechanistic review of the brain–heart axis, delineating 
neural, mechanical, and biochemical pathways with 
rigorous systems-level integration. Ziegler et al.55 further 
characterized neural mechanisms in cardiovascular 
health and disease from a molecular and translational 
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Table 3. Practical summary of the analyzed literature

Thematic domain Study (Year) Methods Key findings

Central autonomic network and 
pain processing

Ferraro et al., 20226 Meta-analytic neuroimaging synthesis

Identifies dorsal anterior insula and 
midcingulate cortex as reproducible hubs 
regulating both autonomic outflow and pain 
processing

Hohenschurz-Schmidt 
et al., 202014

Resting-state fMRI with HRV during 
experimental pain

Establishes three-way coupling between 
dACC/PAG connectivity, low-frequency 
HRV, and subjective pain ratings

Reynolds et al., 202337 Mechanistic review (molecular/
autonomic focus)

Elucidates sustained sympathetic nervous 
system activation linking chronic pain to 
cardiovascular dysfunction

Stroke–heart syndrome and 
neurogenic cardiac injury

Sposato et al., 20208 State-of-the-art review with 
mechanistic synthesis

Defines post-stroke cardiovascular 
complications via central autonomic 
dysregulation and catecholamine excess

Fontes et al., 202431 Clinical autonomic research review
Highlights right insular lesions as 
determinants of autonomic asymmetry and 
cardiovascular vulnerability

Barkhudaryan et al., 
202532

Clinical review with therapeutic 
management perspectives

Summarizes post-stroke autonomic 
dysfunction prevalence, prognosis, and 
therapeutic strategies

Fan et al., 202436 Mechanistic review of brain–heart 
crosstalk

Synthesizes pathophysiology and clinical 
implications of stroke-related brain–heart 
interactions

Central post-stroke pain and 
CNS reorganization

Yuan et al., 202533 Comprehensive clinical and 
preclinical review

Advances understanding of central post-
stroke pain mechanisms and clinical 
manifestations

Betancur et al., 202134 Integrative systematic review with 
neurophysiology

Maps somatotopic damage, sensory 
integration failure, and descending inhibitory 
dysfunction in CPSP

Mohanan et al., 202335 Overview of mechanisms and 
management

Provides a comprehensive overview of 
stroke-induced central pain mechanisms and 
emerging therapeutic targets

Pain prevalence and impact in 
heart failure

Vikan et al., 202419 Population-based cross-sectional 
study (HUNT)

Establishes a high prevalence of chronic 
and widespread pain in HF with substantial 
functional impact

Mhesin et al., 202238 Multicenter cross-sectional study
Demonstrates pain-psychological distress-
QoL associations in HF requiring integrated 
assessment

Ärnlöv, 202540 Expert preventive cardiology review
Positions chronic pain as a cardiometabolic 
risk factor, emphasizing routine 
cardiovascular assessment

Qin et al., 202541 Large-scale cohort study (UK 
Biobank)

Demonstrates the association between pain 
and incident arrhythmias in over 422,000 
individuals

Yang et al., 202539 Longitudinal analysis of pain 
trajectories

Provides evidence for the temporal 
relationship between pain changes and 
cardiovascular outcomes

Sikandar et al., 202542 Systematic review with mechanistic 
analysis

Identifies preoperative chronic pain as a 
modifiable perioperative cardiovascular risk 
factor

(Cont’d...) 
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Thematic domain Study (Year) Methods Key findings

Pathophysiological mechanisms 
linking pain and CVD

Reynolds et al., 202337 Mechanistic review (sympathetic 
nervous system focus)

Details of the sustained sympathetic 
activation pathway from chronic pain to 
cardiovascular dysfunction

Zhang et al., 202543 Systematic review with translational 
emphasis

Identifies neuroimmune crosstalk and 
inflammation as shared pathways for dual-
benefit interventions

Post-cardiac surgery pain and 
recovery

Xiao et al., 202345 Prospective cohort study
Establishes chronic postsurgical pain 
prevalence and risk factors in cardiac surgery 
populations

Dost et al., 202546 Narrative review
Frames cardiac surgery pain as a survivorship 
issue affecting rehabilitation and long-term 
outcomes

Neuromodulation for pain and 
autonomic control

Paradiso et al., 202447 Historical and conceptual review
Traces the origins of modern cardiac 
neuromodulation from historical 
perspectives to current applications

Gazzeri et al., 202548 Narrative review of SCS for refractory 
angina

Updates evidence for spinal cord stimulation 
reducing cardiac pain while modulating 
sympathetic activity

Gasimova et al., 202549 Prospective single-center SCS cohort
Provides contemporary clinical evidence 
for SCS efficacy in refractory angina 
management

Sun et al., 202550 Systematic review and meta-analysis 
of t-VNS

Demonstrates that vagal stimulation 
improves HF functional capacity and 
autonomic balance with pain implications

Abbreviations: CHARLS: China Health and Retirement Longitudinal Study; CNS: Central nervous system; CPSP: Central post-stroke pain; CVD: 
Cardiovascular disease; dACC: Dorsal anterior cingulate cortex; HF: Heart failure; HRV: Heart rate variability; HUNT: Trøndelag Health Study; PAG: 
Periaqueductal gray; QoL: Quality of life; SCS: Spinal cord stimulation; t-VNS: Transcutaneous vagus nerve stimulation.

Table 3. (Continued)

standpoint. While these reviews have substantially 
advanced understanding of brain–heart coupling, none 
have explicitly adopted pain as a primary organizing 
construct bridging the neurological and cardiovascular 
domains. Existing reviews either address pain incidentally 
within broader neurocardiology frameworks or focus on 
single pain conditions (such as CPSP or refractory angina) 
in isolation. The present review is, to our knowledge, the 
first to synthesize the contemporary evidence base with 
pain explicitly positioned as a mechanistic connector 
between brain and heart diseases, integrating nociceptive, 
neuropathic, and nociplastic phenotypes alongside 
autonomic and cardiovascular endpoints within a unified 
framework. 

A central and unifying observation across the reviewed 
literature is the identification of a shared neuroanatomical 
and functional substrate linking pain perception and 
cardiovascular regulation.38,55 Meta-analytic neuroimaging 
studies have robustly demonstrated that the CAN 
constitutes a reproducible functional system, with core 
hubs in the dorsal anterior insula and the midcingulate/
anterior cingulate cortices.6 These regions are critically 

involved in interoception, salience attribution, emotional 
appraisal, and pain modulation, while simultaneously 
exerting descending control over sympathetic and 
parasympathetic outflow through brainstem nuclei.56 This 
dual role provides a compelling mechanistic “meeting 
point” at which nociceptive processing and cardiovascular 
regulation converge. Importantly, experimental pain 
neuroimaging studies reinforce this integration by showing 
that functional connectivity within pain-related cortical-
brainstem circuits covaries with autonomic indices such 
as HRV, suggesting shared regulatory control rather than 
parallel, independent processes.14 This neurobiological 
integration extends beyond cortical hubs to include 
brainstem and spinal cord structures, as demonstrated by 
recent corticospinal imaging studies.57 The periaqueductal 
gray, a critical brainstem nucleus involved in descending 
pain modulation, simultaneously coordinates autonomic 
responses, including cardiovascular adjustments during 
stress and pain states.14 Functional connectivity between 
the periaqueductal gray and ventromedial prefrontal 
cortex has been shown to correlate with both LF-HRV 
variability during pain and subjective pain ratings, 
establishing a triadic relationship between pain experience, 
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autonomic regulation, and cortical network dynamics.14 
These findings fundamentally challenge traditional pain 
models that conceptualize central processing as purely 
sensory-discriminative, instead supporting an integrative 
framework in which pain, emotion, interoception, and 
autonomic homeostasis are co-regulated through shared 
neural circuitry. 

Within clinical neurology, stroke–heart syndrome 
represents a paradigmatic model of brain-driven cardiac 
vulnerability.9 High-impact reviews and consensus 
statements have established that acute ischemic stroke 
(particularly when involving insular, cingulate, or brainstem 
structures) can precipitate a wide range of cardiovascular 
complications, including arrhythmias, myocardial injury, 
stress cardiomyopathy, heart failure exacerbation, and 
sudden cardiac death.9 These complications are mediated 
by autonomic imbalance, excessive catecholaminergic 
activation, neuroinflammatory cascades, and disruption 
of central regulatory networks. Notably, these same 
mechanisms are also implicated in the development 
and persistence of chronic pain, including sustained 
sympathetic activation, impaired parasympathetic tone, 

and central sensitization. Recent clinical autonomic 
reviews emphasize that post-stroke autonomic dysfunction 
often persists beyond the acute phase, reinforcing its 
relevance for long-term symptom burden, rehabilitation, 
and recovery trajectories.32 Although pain outcomes are 
rarely systematically assessed in stroke–heart studies, 
the mechanistic overlap strongly suggests that pain may 
interact bidirectionally with neurocardiac dysfunction in 
this population.

From a cardiovascular perspective, the reviewed 
literature clearly demonstrates that pain is common, 
under-recognized, and clinically consequential in heart 
disease, particularly in heart failure. Large population-
based studies, including analyses from the HUNT cohort, 
consistently show a high prevalence of chronic pain and 
chronic widespread pain among individuals with heart 
failure, with clinically meaningful associations with 
disability, symptom burden, and reduced quality of life.19 
These findings challenge the traditional marginalization 
of pain within cardiology and underscore its relevance as 
a core comorbidity rather than a secondary or incidental 
symptom. Mechanistically, pain may contribute to adverse 

Figure 1. Bidirectional brain-heart interactions involving pain and cardiovascular dysfunction.This schematic highlights how neurological injury, 
autonomic imbalance, neuroimmune activation, and stress responses may adversely influence cardiac physiology (left panel), contributing to arrhythmias, 
sympathetic overdrive, heart failure exacerbation, elevated cardiovascular event risk, and stress-induced cardiomyopathy. Conversely, cardiac disease 
processes (right panel), including high prevalence of pain in cardiovascular populations, post-cardiac surgery persistent pain, and psychological and 
physical contributors to pain chronification, may promote maladaptive neuroplasticity and sustained CNS dysfunction. Created in BioRender. TRAN 
VAN, Y. (2026) https://BioRender.com/78priha.
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cardiovascular outcomes through multiple pathways, 
including reduced physical activity, impaired adherence 
to treatment and rehabilitation, neuroendocrine 
stress responses, and sustained autonomic imbalance. 
Despite this, pain assessment remains inconsistent in 
cardiovascular care pathways, and mechanistic brain–
heart perspectives are rarely incorporated into routine 
management. Considering these factors, a recent expert 
consensus highlighted the importance of routine pain 
assessment in cardiovascular populations, arguing that 
chronic pain, irrespective of its underlying mechanism 
(neuropathic, inflammatory, or musculoskeletal), should 
be regarded as a cardiometabolic risk modifier warranting 
structured evaluation and management.40 This perspective 
shift is particularly important, given emerging evidence 
that chronic pain and cardiovascular disease share 
fundamental modifiable risk factors including obesity, 
physical inactivity, sleep disturbance, depression, and 
adverse health behaviors.40 The integration of cardiology, 
pain management, and behavioral medicine into 
collaborative care models has been proposed as a patient-
centered approach to address this intersection, although 
implementation remains limited by fragmented specialty 
care and reimbursement constraints. 

Beyond comorbidity, an emerging and particularly 
important theme is the role of chronic pain as a modifier 
of cardiovascular risk and outcomes. Advances in 
longitudinal cohort design and data linkage have enabled 
investigators to examine pain trajectories, multisite 
pain, and pain chronicity as predictors of incident 
cardiovascular events. Recent studies provide empirical 
support for long-hypothesized associations mediated by 
sustained sympathetic activation, hypothalamic-pituitary-
adrenal axis dysregulation, low-grade inflammation, 
sleep disturbance, and adverse health behaviors.39 A 
comprehensive preventive cardiology review synthesizes 
this growing body of evidence and positions chronic pain 
as a potential, modifiable cardiovascular risk factor, while 
also emphasizing the substantial methodological challenges 
inherent to this research area, including confounding, 
reverse causality, and shared psychosocial determinants.40 
These challenges highlight the need for carefully designed 
longitudinal and interventional studies to clarify causal 
relationships, better characterize bidirectional effects 
and evaluate whether targeted pain modulation can 
meaningfully influence cardiovascular outcomes.

At the translational level, neuromodulation strategies 
emerge as a clinically actionable point of convergence 
between pain relief and cardiovascular regulation. SCS, 
traditionally employed for refractory angina and chronic 
pain syndromes, has been shown to modulate sympathetic 

activity while improving both ischemic symptoms and 
pain perception.48 However, most studies continue to 
prioritize either cardiac or pain endpoints in isolation, 
limiting mechanistic insight. Similarly, t-VNS has 
demonstrated promise in heart failure populations, with 
reported improvements in functional capacity, autonomic 
balance, and inflammatory markers.50 From a mechanistic 
standpoint, vagal modulation is particularly relevant to 
pain through the cholinergic anti-inflammatory reflex and 
central autonomic circuits.58 The absence of integrated 
outcome frameworks that simultaneously assess pain, 
autonomic function, and cardiovascular endpoints 
remains a major limitation, constraining causal inference 
and translational impact.

Despite these advances, the reviewed literature 
reveals substantial and persistent gaps that justify the 
present narrative synthesis. Pain phenotyping remains 
highly heterogeneous, with wide variation in definitions, 
instruments, and thresholds, and limited alignment 
with contemporary mechanistic classifications such as 
nociceptive, neuropathic, nociplastic, and mixed pain.59 
This heterogeneity hampers comparability across studies 
and obscures mechanistic interpretation. Furthermore, the 
predominance of cross-sectional designs limits the ability 
to disentangle directionality between pain, autonomic 
dysfunction, and cardiovascular outcomes. Only a minority 
of studies integrate multimodal measures spanning brain 
network function, autonomic physiology, and detailed 
pain phenotyping, resulting in persistent “measurement 
silos” that undermine systems-level understanding.

Nonetheless, this review has several limitations. As a 
narrative synthesis, this review aims to map and critically 
interpret the available evidence rather than quantify 
effect sizes or establish causality. The included literature is 
heterogeneous with respect to study design, populations, 
pain definitions, and autonomic measures, limiting direct 
comparability.60 Additionally, the predominant use of single-
time-point assessments limits understanding of temporal 
dynamics: chronic pain is inherently fluctuating, and 
cardiovascular risk may be differentially influenced by pain 
persistence, severity trajectories, and multisite involvement 
over time.39,61 The reviewed literature would benefit from 
longitudinal designs with repeated pain phenotyping, 
serial autonomic assessments, and cardiovascular imaging 
to better characterize temporal sequences and dose-
response relationships.62 Furthermore, mechanistic studies 
rarely integrate comprehensive multimodal assessments 
spanning subjective pain reports, quantitative sensory 
testing, brain network function, peripheral and central 
autonomic measures, inflammatory biomarkers, and 
cardiovascular structure and function within the same 
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cohort, limiting systems-level interpretation. Many 
cardiovascular studies assess pain without mechanistic 
brain measures, while neuroscience studies often lack 
clinically meaningful cardiovascular endpoints.55 In 
addition, restriction to English-language publications 
may underrepresent global evidence.63 Formal risk-of-bias 
assessment was not undertaken, consistent with SANRA 
guidance and the narrative scope of this work. To translate 
these limitations into actionable guidance, future research 
in this field should consider adopting the following 
harmonization strategies. First, pain phenotyping should 
be standardized using the IASP-endorsed multiaxial 
classification system, incorporating quantitative sensory 
testing profiles alongside self-reported measures to enable 
mechanistic subtyping across nociceptive, neuropathic, 
nociplastic, and mixed pain categories. Autonomic 
assessment should follow a minimum battery approach 
inclusive of time- and frequency-domain HRV, baroreflex 
sensitivity, and validated orthostatic testing, aligned with 
European Heart Rhythm Association and Autonomic 
Neuroscience Society recommendations. Multimodal 
study designs should integrate, at a minimum, standardized 
pain phenotyping, a core autonomic measure, and at least 
one structural or functional cardiac endpoint within the 
same cohort to overcome the measurement silos identified 
here. Collaborative cross-disciplinary consortia, analogous 
to models established in stroke–heart syndrome research, 
should be prioritized to enable the sample sizes and 
outcome breadth required for causal inference. Adoption of 
these strategies would substantially improve comparability 
across studies and accelerate mechanistic understanding of 
the pain–brain–heart continuum.

5. Conclusion
The evidence reviewed supports a paradigm in which 
pain, brain function, and cardiovascular regulation are 
deeply interconnected. Recognizing pain as a systems-
level contributor, rather than a peripheral symptom, 
has important implications for research design, clinical 
assessment, and therapeutic innovation. Future progress 
will depend on harmonized pain phenotyping, longitudinal 
and interventional designs, and integrated multimodal 
approaches capable of capturing the full complexity of the 
pain–brain–heart continuum.
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