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Cardiac Emotional Memory: How Childhood Trauma May
Contribute to Atrial Fibrillation and Youth Stroke Risk—A
Neurocardiological Framework for Prevention

Meng Kiat Tan® b4

Abstract

Adverse childhood experiences (ACEs) occur in about 64% of chil-
dren living in high-income countries and even greater percentages
in low- and middle-income countries. However, no information on
the cardiac impact of ACEs has been incorporated into the pediatric
clinical care paradigm. ACEs lead to permanent changes in the stress
response systems, the autonomic nervous system and hypothalamus—
pituitary—adrenal axis. The atrial fibrillation (AFib) may increase the
risk of ischemic stroke five-fold and is responsible for 20% to 30%
of stroke cases worldwide. This narrative review will incorporate the
results from epidemiological, neurocardiological, and developmental
studies to propose the intrinsic cardiac nervous system (ICNS) and
heart rate variability (HRV) as key mechanisms that link early-life
trauma to AFib. Individuals exposed to a high burden of ACEs had an
18% increased risk of AFib incidence (hazard ratio (HR) 1.18; 95%
CI, 1.05-1.33), and each ACE-linked psychiatric diagnosis signifi-
cantly reduces HRV and increases arrhythmia risk independently. This
association is observational and weaker than that reported for ischem-
ic heart disease. Trauma experienced during critical developmental
stages of the ICNS interferes with its proper development, causing a
sympathetically biased and AFib-prone nervous system in adolescence
or early adulthood. In observational data, a healthy lifestyle was asso-
ciated with up to 47% lower AFib risk among trauma-exposed adults.
This has not been tested in children. Effective non-pharmacological
interventions, including psychotherapy, HRV biofeedback, education-
al therapy, mind-body methods, physical exercise, and vagal neuro-
modulation, improve both psychiatric status and HRV. A neurocardio-
logical developmental paradigm is presented, where HRV assessment
and a combined approach to psychological and cardiac health preven-
tion are important elements of pediatric practice.
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Introduction

Atrial fibrillation (AFib), the most common sustained cardiac
arrhythmia in the world, has traditionally been viewed as a
condition of older adults. However, epidemiological data show
that the incidence of AFib in adults aged less than 45 years is
growing due to modifiable risk factors different from age-re-
lated degenerative processes [ 1-3]. This calls for investigators
to look back into childhood to explore biological roots of adult
arrhythmia as the neurological stakes are high.

Research suggests that there is an approximately five-fold
increased risk of stroke among people with AFib, accounting
for 20% to 30% of all ischemic strokes around the globe [4-6].
AFib-related strokes have been associated with higher infarct
volumes, greater neurological deficits, higher 30-day mortality,
and poor functional outcomes [5]. If AFib occurs in adolescence
or young adulthood, the cumulative lifetime stroke risk and the
loss of disability-adjusted life years are particularly pronounced.

Adverse childhood experiences (ACEs), which include 10
categories of trauma such as abuse, neglect, household dys-
function, and early-life bereavement have been found to affect
around 64% of children in high-income countries and cause
lasting neurobiological changes in the stress response sys-
tem [7]. The prevalence of ACEs is much higher in low- and
middle-income countries (LMICs) due to structural adversi-
ties that increase exposure to all categories of ACEs as can be
seen in Table 1 [7—13]. Childhood and adolescence are vulner-
able developmental periods during which autonomic nervous
system (ANS), hypothalamic—pituitary—adrenal (HPA) axis,
and intrinsic cardiac nervous system (ICNS) undergo critical
maturation. Chronic traumatic exposure during this period can
result in the embedding of cardiac risk that builds up slowly
over decades [14]. However, the epidemiological evidence that
ACEs increase AFib risk is modest and less consistent than
that for ischemic heart disease and stroke.

Psychiatric disorders caused by ACEs, such as complex
posttraumatic stress disorder (CPTSD), major depressive dis-
order (MDD), anxiety disorders, bipolar disorder, and atten-
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Table 1. Estimated ACEs Prevalence Across Global Regions

Region >1ACE (%)

>4 ACEs (%)

Predominant ACEs categories References

High-income countries
(reference)

Sub-Saharan Africa

Approximately 64%

Approximately 72-82%

Approximately 16%

Approximately 20-24%

Abuse, household dysfunction, neglect [7]

Community and physical violence, [8]
orphanhood, sexual violence

South and Approximately 70-80%  Approximately 25-35%  Physical abuse, neglect, child [9, 10]

Southeast Asia labor, food insecurity

Latin America Approximately 65-75%  Approximately 20-30%  Community violence, household [7,11]
dysfunction, abuse

Middle East and Approximately 50-80%*  Approximately 20-30%  Conflict, displacement, physical abuse [12]

North Africa

Eastern Europe Approximately 65-75%  Approximately 18-25%  Alcohol-related household [13]

and Central Asia

dysfunction, physical abuse

aWide range reflects substantial between-country variation and methodological heterogeneity across ACE survey instruments used in MENA studies.
ACE prevalence figures for LMICs should be interpreted as likely underestimates due to (1) significant under-reporting in contexts with weaker child
protection systems; (b) variation across ACE survey instruments—most LMIC studies use the WHO ACE-International Questionnaire (ACE-1Q) rather
than the original 10-item Felitti framework; and (c) limited nationally representative data. Figures represent pooled or weighted estimates from the
best available regional evidence. ACE: adverse childhood experience; LMIC: low- and middle-income country.

tion-deficit/hyperactivity disorder (ADHD), appear to have
independently elevated lifetime risk for AFib [15]. All of these
conditions share a common finding, which is reduced heart
rate variability (HRV), specifically high-frequency heart rate
variability (HF-HRV) reflecting vagal parasympathetic tone,
robust pediatric biomarker of autonomic imbalance and future
risk of arrhythmia [16]. ICNS, the nervous system of the heart,
is highly plastic during childhood and vulnerable to stress-in-
duced remodeling [17]. Pediatric therapy clinics serving large
numbers of trauma-exposed children are well-positioned for
early diagnosis and prevention.

Literature Search and Source Selection

This narrative review is based on structured PubMed/MEDLINE
and Google Scholar search performed on July 15, 2026, using
the following Boolean combinations: “adverse childhood ex-
periences” AND “atrial fibrillation”; “childhood trauma” AND
“heart rate variability”; “intrinsic cardiac nervous system” AND
“stress”; and relevant terms. Manual reference lists screening
was performed. No date restrictions were applied for fundamen-
tal mechanistic studies; for the epidemiological and clinical evi-
dence, studies published since 2010 were preferentially chosen.
Case reports and conference abstracts were excluded.

Studies were included if they explored ACEs or pediatric
psychiatric disorders in relation to cardiovascular outcomes,
HRYV, and/or autonomic dysfunction; investigated ICNS anato-
my/pathophysiology in the context of stress or arrhythmia; and
evaluated autonomic or psychiatric interventions in pediatric
patients. The quality assessment of the included literature was
performed in a narrative way according to the type of study de-
sign. Wherever meta-analytical estimates were available, these
were prioritized. There are limitations in this article, including
lack of pediatric-specific longitudinal data exploring the link
between HRV and long-term AFib outcomes.

This narrative review is appraised against the Scale for the
Assessment of Narrative Review Articles (SANRA) criteria.
Each of the SANRA criteria is documented in the supplemen-
tary material.

ACEs in Children: Long-Term Risk of AFib

Epidemiological evidence and dose-response relationship

The link between ACEs and later AFib is real, but it is mod-
est and weaker than that for other cardiovascular outcomes. In
the UK Biobank cohort, people with high ACE exposure had
an approximately 18% higher AFib risk than those with none
(hazard ratio (HR), 1.18; 95% confidence interval (CI), 1.05 to
1.33), and risk increased with each additional ACE category
[1]. The lower confidence limit sits close to 1, and residual
confounding by socioeconomic status, smoking, and depres-
sion cannot be ruled out. Other studies point in the same direc-
tion: childhood bereavement was associated with a 24% higher
rate of AFib (incidence rate ratio (IRR), 1.24; 95% CI, 1.14 to
1.35) [18], and the Tromso Study examined psychological dis-
tress as a mediator [19]. Associations with ischemic heart dis-
ease and stroke are generally stronger and more consistent [1].
All of these data are observational and relies largely on retro-
spective recall of ACEs. Children with ACEs also show lower
HRYV well before any clinical heart disease, which makes HRV
a promising early marker [20]; however, no pediatric cohort
has yet been followed to AFib onset. The mechanism proposed
below is therefore plausible, not proven.

Developmental programming of autonomic function

Repeated activation of HPA and sympatho-adrenomedullary
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axes from early-life stress results in prolonged increases in
cortisol and catecholamines. These shorten the atrial refractory
periods, facilitate the triggering of atrial activity, and promote
fibrotic and oxidative remodeling [21, 22]. Changes in epige-
netic marks, such as methylations of glucocorticoid receptors
genes, may produce lasting shifts in autonomic balance toward
sympathetic predominance and vagal deactivation [14, 23].
Importantly, adherence to a healthy lifestyle in adulthood was
associated with a 47% lower AFib risk among individuals with
high ACE exposure [1]. Whether this applies to adolescents is
untested.

ACEs-Associated Pediatric Psychiatric Disor-
ders, HRV and Future AFib Risk

Risk estimates presented in this section were calculated on the
basis of the Swedish population-based cohort study by Mo et
al (2025) [15] and its PTSD proxies, as data specifically about
CPTSD-related cardiac outcomes are lacking. Among ACE-as-
sociated mental health conditions, CPTSD, coded in the World
Health Organization’s International Classification of Diseases
Volume 11 classification as 6B41 [24], should be highlighted
in particular. Contrary to PTSD following a single traumatic
event, CPTSD results from repeated or prolonged trauma, in-
cluding developmental trauma, which describes children with
high levels of ACEs. Besides the typical PTSD symptoms of
re-experiencing, avoidance, and hyperarousal, CPTSD involves
disturbances in self-organization (DSO). Pervasive emotion dys-
regulation, negative self-concept, and relationship disturbances
in CPTSD patients occur due to executive functioning deficits
(impaired working memory, low motivation, lack of cognitive
flexibility, poor inhibitory control) [24, 25]. Executive function-
ing deficits are particularly significant clinically because they
directly impede the engagement in autonomic retraining and
require special attention through the use of educational therapy
(EdTx) as an important non-pharmacological intervention (NPI)
in the CPTSD treatment paradigm. Note that AFib risk estimates
mentioned below were calculated using PTSD-diagnosed popu-
lations, the closest available epidemiological proxy, since data
regarding longitudinal CPTSD-related cardiac health risks are
not available yet.

There are common neurocardiological vulnerabilities
among pediatric psychiatric disorders, namely, clinically
meaningful reductions in HF-HRYV, root mean square of suc-
cessive differences (RMSSD), and standard deviation of nor-
mal-to-normal intervals (SDNN), depicting the imbalance that
is characteristic of the neurocardiological vulnerability [15,
16]. The significant 2025 population-based study (n = 4,420)
proved that childhood maltreatment results in lower levels of
HRYV in adulthood, mainly due to neglect and independently of
lifestyle variables [20].

Childhood-onset CPTSD, proxied by PTSD cohort data
(the closest available epidemiological equivalent), entails
about 13% higher lifetime probability of AFib (HR, 1.13) [15].
DSO-induced hyperarousal and emotion dysregulation result
in sympathetic overdrive and reduced vagal tone, causing sen-
sitization of the developing ICNS to proarrhythmic firing [15,

26]. In a pediatric meta-analysis (38 studies, n = 3,488, age
range, 419 years), increased ANS reactivity to stressors was
associated with more severe PTSD/CPTSD symptoms [27].

MDD during childhood results in an increased risk of
AFib by 25%, marked by decreased SDNN and RMSSD, di-
minished nocturnal HRV, raised levels of interleukin-6 (IL-6)
and C-reactive protein (CRP), leading to the development of
atrial fibrosis (which is an accumulation of collagen in the atria
and affects the organized electrophysiological conduction sys-
tem required for normal atrial thythm) [21]. Childhood anxiety
disorders are associated with an approximately 10% increase
in AFib risk, with reduced HF-HRV and decreased baroreflex
sensitivity. In 2025, an umbrella review showed decreased
HRYV in all mood disorders and PTSD/CPTSD to be suggestive
to highly suggestive evidence, which is the strongest evidence
for any psychiatric population group found to date [28].

Early-onset bipolar disorder increases AFib risk up to two-
fold, with low HRV in all mood states and compromised ICNS
maturation caused by neuroinflammatory mechanisms. ADHD
is associated with a cardiovascular risk (odds ratio of about
1.8 to 2.0); although stimulants provide an effective treatment,
they cause chronic decrease in HRV, requiring long-term car-
diac monitoring [16]. Table 2 [1, 15, 16, 20, 24, 27-29] sum-
marizes the AFib risk and HRV changes in all ACE-related and
psychiatric disorders discussed in this section.

The Developing ICNS: Anatomy, Function and
Emotional Memory

The ICNS comprises tens of thousands of neurons organized
into interconnected ganglionated plexuses embedded within
the epicardial fat pads of the heart [17]. The ganglionated
plexuses consist of autonomic ganglia, nerve fibers, and sup-
port cells located near the pulmonary vein—atrial junctions
and atrioventricular nodal region and come together to form
control hubs for cardiac function [17]. Beyond being a sim-
ple relay station for neural traffic, the ICNS possesses sensory,
integrative, and motor-like regulatory functions [30]. The gan-
glionated plexuses specifically contribute to the regulation of
cardiac function by enabling beat-to-beat modulation of the
heart rate, conduction, and atrial electrophysiological proper-
ties, while also supporting bidirectional communication with
higher autonomic centers within the broader neurocardiac axis
[17, 31]. Within the same framework, sympathetic and para-
sympathetic pathways converge into the ICNS ganglionated
plexuses and undergo functional maturation and neuroplastic
refinement during childhood and adolescence, as shown in
Figure 1. It also contrasts healthy ICNS maturation with the
disrupted developmental trajectory observed under chronic
ACE-related stress. Importantly, this system is also influenced
by higher brain centers involved in autonomic and affective
regulation, allowing central neural states to modulate cardiac
function indirectly through the neurocardiac axis.

This intricate system is not fully mature at birth and under-
goes progressive developmental refinement over the first two
decades of life [17]. During this period, increasing parasympa-
thetic efferent influence and the emergence of vagal predomi-
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Table 2. Risk of Future Atrial Fibrillation and Associated Heart Rate Variability (HRV) Changes in Children and Pediatric With Ad-

verse Childhood Experiences and Psychiatric/Behavioral Disorders

Condition AFib risk (HR/OR) HRYV changes in pediatric Key developmental mechanism References
High ACEs HR 1.18 (18% Decreased RMSSD; Early autonomic programming; [1,20]
=4 increase) decreased HF power; blunted epigenetic HPA reprogramming;
circadian HRV pattern accelerated sympathetic maturation
CPTSD HR? 1.13 (13% Decreased RMSSD, SDNN, Hyperarousal + DSO-related emotion [15, 24, 27]
(childhood- increase) HF; increased LF/HF ratio dysregulation lead to sustained ICNS
onset) neuronal hypersensitivity; disrupted vagal
maturation; executive functioning deficits
impairing autonomic self-regulation
Depression OR 1.25 25% Decreased SDNN; Chronic sympathetic dominance [15]
(pediatric) increase) decreased RMSSD; blunted during neurodevelopment; increased
nocturnal HRV rise IL-6, CRP in adolescents
Anxiety HR 1.10 (10% Decreased HF-HRYV; decreased Heightened threat-appraisal circuitry [15, 28]
(child/ increase) baroreflex sensitivity leads to persistent vagal withdrawal
adolescent)
Bipolar OR up to 2.0 Decreased overall HRV Mood instability + neuroinflammation [15,52]
(early-onset) across mood phases impairing ICNS maturation
ADHD OR range: 1.8-2.0 Decreased resting and task HRV;  Dopaminergic—autonomic [16]

(CV risk)

increased sympathetic reactivity

dysregulation; potential stimulant-
mediated heart rate elevation

aRisk estimate derived from PTSD-diagnosed cohorts; CPTSD-specific longitudinal cardiac data are not yet available. HR: hazard ratio; OR: odds
ratio; RMSSD: root mean square of successive differences; HF: high-frequency HRV power; SDNN: standard deviation of NN intervals; LF/HF: low-
to-high frequency ratio; ICNS: intrinsic cardiac nervous system; HPA: hypothalamic—pituitary—adrenal; IL-6: interleukin-6; CRP: C-reactive protein;

CV: cardiovascular; CPTSD: complex post-traumatic stress disorder.

nance contribute to the functional maturation of the ICNS [31].
This prolonged developmental trajectory renders the ICNS
sensitive to environmental programming. Studies show that
early-life environmental factors such as chronic stress, neglect,
and reduced perceived safety can influence the development
of the ANS, with evidence showing that ACEs associated with
long-term increases in sympathetic activity and reduced para-
sympathetic (vagal) tone, contributing to a sustained shift to-
ward sympathetic dominance [32]. Reduced vagal activity can
decrease the stabilizing parasympathetic influence on atrial
electrophysiology, potentially increasing susceptibility to ab-
normal atrial electrical activity (ectopy and arrhythmias) [33].
By analogy to central sensitization to chronic pain, the trau-
ma-mediated ICNS may retain a form of “cardiac emotional
memory” (a conceptual framework proposed here by analogy
to central sensitization), resulting in heightened electrophysi-
ological reactivity to subsequent stressors and potentially low-
ering the susceptibility threshold for AFib later in life.

Neurocardiological Mechanisms: From Trau-
matic Stress to Atrial Vulnerability

Sympathetic hyperactivity and ICNS hypersensitivity

Trauma-programmed HPA and sympatho-adrenomedullary hy-
peractivity produce sustained norepinephrine and cortisol eleva-
tions [21, 34, 35]. This shortens the atrial effective refractory

period, which increases cardiac repolarization heterogeneity
and facilitates triggered ectopy through afterdepolarizations in
pulmonary vein cardiomyocytes [36]. These are mechanisms
implicated in the initiation of AFib. Repeated pathological auto-
nomic stimulation can induce structural and functional remod-
eling of the ICNS, leading to enhanced neuronal responsiveness
and autonomic imbalance, especially before parasympathetic
counterbalance has been established [37]. Epinephrine exerts
its effects on the cardiac system via the f1-adrenergic receptors
on sinoatrial (SA) node and pacemaker cells [38]. Following
ligand binding to f1-adrenergic receptors, adenylyl cyclase is
activated, increasing intracellular cyclic adenosine monophos-
phate (cAMP) levels, which in turn activates protein kinase A
(PKA) [39]. PKA then phosphorylates voltage-gated ion chan-
nels, modulating cardiac excitability and signal propagation [38,
39]. While adaptive acutely, chronic activation of f1-adrenergic
receptor, as in persistently traumatized children, sustains a sym-
pathetic tone that progressively sensitizes the ICNS toward
proarrhythmic neuronal firing patterns [38, 39].

Reduced HRYV as a measurable early link

Measuring HRV is a noninvasive method used to assess ANS
activity and infer sympathovagal balance. HF-HRV reflects
enhanced vagal (parasympathetic) activity, which is generally
associated with improved cardiac autonomic regulation and
greater electrophysiological stability. Chronically low HF-
HRYV across childhood marks vagal withdrawal, signifying the
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Intrinsic Cardiac Nervous System (ICNS) Maturation Across the First Two Decades
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Figure 1. ICNS maturation across the first two decades of life. Upper panel (healthy development): Progressive maturation of the
ICNS from immature ganglionated plexuses at birth through neuroplastic refinement in adolescence to mature vagal predomi-
nance and adaptable autonomic balance in adulthood. Lower panel (chronic ACEs-related stress): Disrupted ICNS maturation
trajectory under persistent stress activation, resulting in sympathetic bias, impaired neuroplasticity, and persistent autonomic
dysregulation. Bottom bar: Proposed mechanistic pathway from ACEs-related chronic stress through HPA and sympatho-adre-
nomedullary activation to impaired ICNS development, autonomic imbalance, and increased AFib susceptibility. “Cardiac emo-
tional memory” denotes a conceptual framework proposed in this review for trauma-mediated ICNS sensitization (see section
“The Developing ICNS: Anatomy, Function and Emotional Memory”). ACEs: adverse childhood experiences; AFib: atrial fibrilla-

tion; AV: atrioventricular; HPA: hypothalamic—pituitary—adrenal; ICNS: intrinsic cardiac nervous system.

absence of that protective break [20, 28]. Reduced HRV has
been consistently observed across multiple ACE-associated
pediatric psychiatric conditions, suggesting a shared pattern
of autonomic dysregulation [40]. During periods of ICNS de-
velopmental plasticity, such autonomic imbalance may con-
tribute to long-term neurocardiac remodeling with potential
proarrhythmic consequences [16]. HRV may function as both
a biomarker of AFib risk and a potential intermediary of dis-
ease susceptibility and may represent a modifiable index of
autonomic function in therapeutic strategies.

Bidirectional heart—brain interactions

Heart-brain interactions are bidirectional. The brain modu-
lates cardiac output via sympathetic and parasympathetic
pathways. The heart provides continuous afferent feedback
through baroreceptors, chemoreceptors, and vagal sensory fib-
ers to brainstem nuclei involved in blood pressure regulation
and higher-order circuits governing emotion and arousal [41—
44]. In trauma-exposed children, a sensitized ICNS generates
aberrant afferent signals that reinforce central threat-appraisal

242

hyperactivation, sustaining sympathetic overdrive. In adoles-
cents with CPTSD who develop AFib, arrhythmia-generated
afferent signals amplify central hyperarousal, perpetuating
both arrhythmic burden and psychiatric morbidity [15]. This
system underscores why effective prevention requires address-
ing neural and psychological drivers upstream, not cardiac
management alone (Fig. 2).

Interventions in Pediatric Therapy Settings:
Opportunities for Prevention

Rationale: developmental plasticity as a therapeutic asset

Intervention strategies targeting pediatric NPIs for ACE-relat-
ed psychiatric conditions represent a plausible opportunity to
reduce AFib burden and hence youth stroke risk in this popu-
lation. The NPI strategy combines two complementary arms.
Firstly, the psychosocial interventions (psychotherapy, psych-
oeducation, behavioral therapy and mind—body approaches)
addressing neurobiological and psychological sequelae of de-
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Figure 2. Proposed unified neurocardiological model: from childhood trauma to atrial fibrillation and intervention pathways. Left
panel (vicious cycle): Pathophysiological progression from ACEs through psychiatric and behavioral disorders, reduced HRV,
ICNS neuronal hypersensitivity, cardiac emotional memory, and atrial electrical remodeling to AFib and increased youth stroke
risk, with two self-reinforcing feedback loops. Loop 1, in which aberrant ICNS afferent signals reinforce central threat-appraisal
hyperactivation; and Loop 2, in which AFib-generated afferent signals amplify central hyperarousal and psychiatric burden.
Center: HRV screening (risk stratification) diamond represents the clinical decision point at which identification of reduced HRV
in trauma-exposed children triggers entry into the non-pharmacological intervention framework. Right panel (virtuous cycle):
Two-arm non-pharmacological intervention framework showing the educational therapy foundation arm enabling five parallel
psychosocial intervention categories, converging on improved HRV, calmed ICNS, reduced AFib risk, and reduced youth stroke
risk with preserved neurological outcomes. ACEs: adverse childhood experiences; ADHD: attention-deficit/hyperactivity disorder;
AFib: atrial fibrillation; CPT: cognitive processing therapy; CPTSD: complex posttraumatic stress disorder; EMDR: eye movement
desensitization and reprocessing; EdTx: educational therapy; HRV: heart rate variability; ICNS: intrinsic cardiac nervous system;

niVNS: noninvasive vagus nerve stimulation.

velopmental trauma. Secondly, the EdTx that targets executive
functioning deficits, a central DSO in CPTSD, with the goal to
overcome the neurocognitive barrier to engagement in all subse-
quent autonomic retraining. The same plasticity that predisposes
pediatric ICNS to sensitization to trauma leaves it highly amena-
ble to restoration. Childhood and adolescent years represent the
most neurobiologically malleable period in brain—heart interac-
tion. It is the window of opportunity for autonomic rebalancing
to prevent decades of cumulative cardiac risk [1, 45].

Psychotherapy: addressing the traumatic root

Trauma-focused psychotherapies are the foundational first-
line treatment interventions for children with CPTSD, MDD,
and anxiety disorders. Pediatric-adapted cognitive process-
ing therapy (CPT) and prolonged exposure (PE) reliably de-
liver large improvements in CPTSD severity (Cohen’s d >
1.0). Specifically, trials focusing on the diagnosis of CPTSD
defined by the International Classification of Diseases, Vol-
ume 11, remain scarce [46]. Successful resolution of traumatic

memories decreases chronic HPA axis activation and sympa-
thetic overactivity, thereby decreasing inflammatory mediator
concentrations and establishing physiological conditions con-
ducive to autonomic retraining [45, 46].

Eye movement desensitization and reprocessing (EMDR),
which utilizes bilateral sensory stimulation during trauma
memory processing, is another evidence-based modality for
CPTSD in pediatric patients. Recent research indicates taht
EMDR not only decreases the symptoms but also leads to ob-
jective improvements in HRYV, therefore it is particularly perti-
nent to the concept of autonomic retraining [47].

Behavioral therapy: direct autonomic retraining

HRYV biofeedback, which involves teaching children how to
enhance cardiac oscillations via slow-paced breathing (ap-
proximately six breaths/min) through game-like procedures,
has the strongest evidence base for autonomic retraining in
trauma-exposed children [48]. Such training leads to marked
reductions in anxiety and CPTSD symptoms (Cohen’s d range,
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0.8-1.5) along with significant RMSSD and HF power im-
provement via gradual strengthening of vagal reflex arcs and
calming of sensitized ICNS ganglionated plexuses [47]. A
2025 meta-analysis of remote HRV biofeedback (18 studies;
n = 1,352) verified medium effect sizes for both depression
(Hedges’ g = 0.41) and HRV improvement (g = 0.44) [49].

EdTx for executive functioning: NPI entry point for
ADHD, bipolar disorder, and CPTSD

The EdTx is provided by clinicians via structured educational
techniques that enhance cognitive understanding and self-reg-
ulation. Furthermore, it addresses academic skills deficits [50,
51]. In the case of CPTSD, the prominent DSO following chron-
ic developmental trauma in children are executive functioning
impairments (working memory, cognitive flexibility, and inhibi-
tory control). EdTx focused on such DSO represents a specific
NPI, reducing neurocognitive barriers to autonomic self-reg-
ulation, indirectly promoting HRV increase, and reducing the
cognitive-stress burden that drives sympathetic overdrive.

For children with CPTSD-associated psychiatric disor-
ders, EdTx is an absolutely critical starting point for the thera-
peutic process before skill-based autonomic retraining can be
initiated. Psychoeducation for families and children about the
ANS, sleep hygiene, heart disease as a consequence of chronic
stress, and the rationale behind HRV as a result of lifestyle
modifications creates the motivational foundation for adher-
ence to all future interventions [52]. EdTx counteracts the ad-
verse effects of stimulant medications on HRV in ADHD and
focuses on mood cycle awareness and management in order to
decrease the frequency of events that cause the greatest impact
on HRV and ICNS dysfunction in MDD and bipolar disorder
[15, 29]. Scalability of group psychoeducation makes this cat-
egory very accessible.

Mind-body and somatic approaches

School-based mindfulness, yoga and pranayama breathing for
pediatric psychiatric disorders following ACEs are beneficial
for increased HF-HRV and decreased low-to-high frequency
ratio (LF/HF) ratio, as well as emotion regulation skills in chil-
dren [53]. Respiratory approach leads to direct augmentation
of the vagal nervous system similar to the breathing exercises.
The advantage of this category lies in its easy accessibility in
group format, such as schools, community centers, outpatient
groups and normalization of body-based interventions for re-
sistant children [54, 55].

Exercise, lifestyle modification, and emerging vagal neu-
romodulation

Moderate aerobic exercise increases resting RMSSD levels,
decreases the depression and anxiety levels, and attenuates
inflammation markers contributing to atria remodeling [56].
Lifestyle modification, which involves appropriate sleep hy-

giene, diet quality, limited screen time and alcohol abstinence,
has been reported as the category of interventions with highest
risk attenuation against AFib in high-ACE pediatric population
associated with up to 47% lower AFib risk in an observational
adult cohort [1]. Noninvasive vagal neuromodulation using
auricular electrodes activates vagal afferents and has shown
promise as an effective treatment for pediatric anxiety and
mood disorders [54, 55, 57]. The anti-arrthythmic efficacy of
noninvasive vagus nerve stimulation (niVNS) established in
adults makes it an interesting option to be evaluated for chil-
dren experiencing trauma, but further evidence is still pending.
Table 3 [1, 45-53, 56, 57] gives a structured summary of the
therapeutic categories along with the effects on HRV, psychi-
atric symptoms, and risk attenuation from AFib and its clinical
practicability in pediatrics. Figure 2 shows the proposed neu-
rocardiological model combining the vicious pathophysiologic
cycle with the intervention approach.

Clinical Implications and Future Directions

HRYV screening in trauma-exposed pediatric populations

A brief recording of resting HRV or the use of validated wear-
able technology devices, with normative pediatric data avail-
able, gives clinicians a practical noninvasive tool to stratify
neurocardiological risk [16]. The regular assessment of HRV
in children with PTSD, CPTSD, MDD, anxiety disorders, bi-
polar disorder, ADHD, and/or high ACEs can be used to detect
the most severely impacted cases. Long-term monitoring of
HRYV changes is an indicator of therapeutic success, independ-
ent of biofeedback, complementary to the symptom scales of
psychiatric conditions.

Integrated pediatric care models

Interdisciplinary care models that integrate cardiopathy aware-
ness into mental health care facilities and psychiatric literacy
into cardiology are called for by the evidence presented above.
Specific integration points include joint clinical protocols
among pediatric therapy clinics, child psychiatry, and cardiol-
ogy for children with high ACEs; standardized ACE and HRV
screening following any new psychiatric diagnosis in children
over 8 years old; and co-developed intervention programs in-
volving all the therapeutic categories discussed in this article,
deliverable without cardiology-specific infrastructure [45]. Al-
lied health practitioners such as educational therapists and psy-
chosocial interventionists (behavioral therapists, occupational
therapists, psychotherapists, counselors and social workers)
are a largely unutilized workforce for autonomic interventions
delivery.

Research gaps and priorities

Given the modest ACE-AFib association and its weaker mag-
nitude relative to ischemic heart disease, future work should
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test whether AFib-specific mechanisms (e.g., ICNS remod-
eling) exist beyond shared cardiovascular risk pathways, using
designs that address confounding (e.g., sibling comparisons,
Mendelian randomization, mediation analysis). Research gaps
prevent application in clinical practice for pediatric guidelines.
First and foremost, prospective longitudinal studies are needed
to investigate HRV trajectories beginning from ACE exposure
through to development of AFib in early adulthood, and ran-
domized controlled trials on the effect of HRV biofeedback
among high-ACE pediatric subjects with cardiac outcome
monitoring throughout many decades. It is necessary to con-
duct mechanistic studies on ICNS neuronal activity in pediatric
cardiac tissue to see whether there is a distinctive mechanism
of developmental remodeling from the one in adults. Com-
parative trials on therapeutic categories’ effectiveness on each
other for various diagnostic profiles would provide informa-
tion on clinical prioritization. There is a need for sex-specific
research, given that more ACEs occur in females while more
AFib incidences occur in males, which indicates different neu-
rocardiological vulnerability.

Moreover, most evidence comes from high-income
groups, and there is a need for cultural and socio-economic
generalizability [12]. Importantly, there are currently no pop-
ulation-based studies linking regional ACEs prevalence to the
incidence of AFib among children and rates of stroke. Based
on the model proposed above, one may formulate a testable
hypothesis that regions with more prevalent ACEs, if the
mechanism works in this way, would show a higher incidence
of autonomic dysfunction in children, as well as higher rates
of AFib and cryptogenic stroke among young people. There is
aneed for prospective cross-regional cohort studies that would
compare ACE surveillance data with pediatric cardiac and neu-
rological registry. Such data would allow building an evidence
base for the burden of global stroke prevention, which, within
the neurocardiological framework proposed here, is an urgent
task, but until now, this burden has not been quantified and
probably underestimated [7-9]. Comparative studies in LMIC
[8, 10—12] and health economics analyses [13] only prove the
urgency of the matter.

Stroke prevention as the neurological imperative

AFib is the number one cardiac cause of ischemic stroke and
is associated with more extensive infarcts, a higher level of
neurological impairment, and a higher 30-day mortality [4, 5].
In cases when AFib emerges during adolescence or early adult-
hood, as seen more and more frequently in trauma-exposed
individuals, the overall lifetime stroke risk increases. The NPIs
approaches discussed in this article, specifically the psycho-
social and the EdTx intervention for CPTSD focusing on ex-
ecutive functioning, may be considered candidate stroke-pre-
vention strategies, pending evidence of their ability to reduce
AFib incidence along the pathway from childhood or adoles-
cent trauma to youth stroke. Each successful decrease in the
incidence of AFib leads to a decreased chance of an ischemic
stroke in the young adulthood of such patients. The commu-
nication of this idea of stroke prevention to their families will

help in making their engagement in neurocardiological pre-
vention efforts even stronger.

Conclusions

This study introduces a comprehensive developmental neuro-
cardiological model where ACEs and psychiatric conditions
that occur during childhood (CPTSD, MDD, anxiety, bipolar
disorder, and ADHD) may contribute to AFib development via
similar physiological mechanisms focused on ICNS and HRV.
Chronic trauma during developmentally sensitive periods bi-
ases the maturing ANS and ICNS toward sympathetic domi-
nance, sensitizes ganglionated plexuses toward proarrhythmic
firing, and may advance the arrhythmogenic timeline. The
consistently reduced HRV across all ACE-associated psychiat-
ric conditions in pediatric cohorts is both the measurable foot-
print and a potentially modifiable mediator of this vulnerabil-
ity. Though the term “cardiac emotional memory” introduced
in this study represents an analogy to central sensitization in
the cardiovascular system, it serves as an essential language
for interdisciplinary collaboration of trauma therapists and
electrophysiologists.

The potential for prevention is significant. Positive behav-
ioral habits among adolescents can reduce the risk of AFib due
to ACEs by almost 50%, and a systematized classification sys-
tem of treatment categories allows the pediatric therapists and
clinicians to develop a sensitive diagnosis-driven route toward
autonomic recovery. Through the incorporation of HRV test-
ing and category-specific treatments into the scope of practice
of pediatric mental health care providers, therapists and clini-
cians will be able to capitalize on the biological plasticity of
youth to disrupt the trajectory of development from trauma to
arrhythmia through healing the mind and treating the heart.
The ACE-AFib association is modest and weaker than for is-
chemic heart disease. This framework should guide research
and risk-informed screening, not yet clinical guidelines.
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