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Abstract

The autonomic nervous system (ANS) regulates involuntary bodily functions through a delicate balance between sympathetic and parasympathetic
activity, known as autonomic tone, which profoundly influences cardiovascular health and mortality risks. Key physiological measures such as heart
rate (HR), blood pressure (BP), and heart rate variability (HRV) serve as indicators of this equilibrium. HRV, in particular, plays a pivotal role as a
biomarker in assessing autonomic function across both normal aging and diseased conditions. This study examined HRV analysis encompassing
time domain and frequency domain indices, revealing a consistent decline in HRV with age across a range from 20 to 90 years old, observed in both
men and women (n=328,591). Parameters such as SDNN, RMSSD, LF, HF, and LF/HF ratio exhibited an age-dependent decrease, with this trend
more pronounced than gender differences. HR, reflecting autonomic tone, also demonstrated an age-related decline. Notably, similar declines in
autonomic tone were observed in patients with cancer and Type 2 diabetes, aligning their physiological profiles with those of older adults aged 80-
90 years. Using the Valsalva maneuver, deep breathing, and tilt table tests revealed declines in BP and HR measurements across the age spectrum,
emphasizing aging’s significant influence on autonomic regulation irrespective of sex. Advancements in HRV measurement technology enhance its
utility as a non-invasive tool for early detection and management of autonomic dysfunction in chronic diseases. This underscores the importance of
continued research to refine HRV assessment methods, ultimately improving diagnostic accuracy and therapeutic approaches across diverse patient
populations.
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Introduction

Autonomic disorders affect the autonomic nervous system
(ANS), governing vital bodily functions like heart rate (HR), blood
pressure (BP), digestion, respiration, and more at a subconscious
level [1-3]. Autonomic dysfunction, or dysautonomia, arises from
ANS nerve damage, disrupting regulation and causing symptoms
such as fainting, palpitations, sense of weakness, nausea, vomiting,
shortness of breath, pallor, vertigo, chest pain, burning sensation,
stabbing pain, numbness, lightheadedness, visual loss, neck pain,
diarrhea, constipation, abdominal pain, erectile dysfunction, hair
loss, excessive/loss of sweating, cold/hot intolerance, pressure
sore, heartburn, bladder incontinence, sleep disturbances, mi-
graine, sensory loss, brain fog, and more [4]. Autonomic disorders
may occur independently or due to conditions like Parkinson’s dis

ease, cancer, celiac disease, Sjogren syndrome, Churg-Strauss syn-
drome, Guillain-Barre syndrome, sarcoidosis, vaculitis, rheumatoid
arthritis, alcohol abuse, lupus, psoriatic arthritis, dyslipidemia,
amyloidosis, paraneoplastic syndromes, metabolic syndrome, por-
phryria, connective tissue disorders, mast cell disorders, multiple
sclerosis, or diabetes [4]. Stress adaptation also involves the ANS,
characterized by heightened sympathetic activity and diminished
parasympathetic activity. These changes are observed in numerous
common conditions, including depression, schizophrenia, active ul-
cerative colitis, obesity and metabolic syndrome, myocardial infarc-
tions, high blood pressure, and smoking [5-11].

Autonomic disorders are categorized into primary types like
orthostatic intolerance syndromes and small fiber neuropathies,
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and secondary types linked to specific medical conditions, including
diabetes mellitus, alcohol toxicity, and spinal cord injuries [4,12].
Dysautonomia, comprising primary and secondary forms, leads to
varied symptoms, from mild to severe, affecting multiple organ sys-
tems [4]. Common manifestations include chest pain, mood swings,
fatigue, insomnia, headaches, and dizziness, associated with condi-
tions like multiple system atrophy and Parkinson’s disease [13,14].
Symptoms can be orthostatic (related to posture changes), non-or-
thostatic (like bladder problems), or diffuse (affecting multiple
functions) [4]. Common autonomic disorders include orthostatic
hypotension, Postural Orthostatic Tachycardia Syndrome (POTS),
syncope, baroreflex failure, multiple system atrophy, and autonom-
ic neuropathy. Orthostatic intolerance syndromes encompass con-
ditions such as orthostatic hypotension, POTS, syncope, and baro-
reflex failure.

Orthostatic hypotension, a form of orthostatic intolerance, oc-
curs when BP drops suddenly upon standing, potentially causing
dizziness or fainting. It typically results from autonomic nervous
system dysfunction, seen commonly in conditions like Parkinson’s
disease and small fiber neuropathies, and exacerbated by factors
like dehydration or prolonged standing [4].

POTS involves an abnormal increase in HR upon standing, lead-
ing to symptoms like dizziness, fatigue, and palpitations, while syn-
cope refers to sudden temporary loss of consciousness due to inad-
equate blood flow to the brain upon standing [4]. POTS, one of the
most common forms of orthostatic intolerance, affects more than 1
million Americans and predominantly women (women:men ratio
of 5:1) aged 15-50 [15]. It can stem from various causes including
neuropathy and hypovolemia. Treatment involves education and
a range of non-pharmacological approaches, with medications re-
served for severe cases [15-17].

Neurally-mediated syncope refers to a transient loss of con-
sciousness triggered by reflexes not yet fully understood, resulting
in systemic hypotension and reduced cardiac output [18,19]. Eval-
uation distinguishes it from cardiac syncope due to differing treat-
ments and prognosis, with neurally mediated syncope generally
having a favorable outlook [16,18-21].

Baroreflex failure occurs when the body’s baroreceptors, re-
sponsible for regulating BP, malfunction. This condition can lead
to dangerous fluctuations in BP, potentially causing severe hyper-
tension or hypotension. Causes include neurological disorders or
medication effects. Management focuses on controlling BP through
medications and lifestyle adjustments [4].

Multiple system atrophy is a rare neurodegenerative disorder
affecting movement and autonomic functions. It progresses rapid-
ly over 5 to 10 years, primarily impacting individuals in their 50s
[4]. There are two main types: cerebellar, characterized by coordi-
nation issues, and Parkinsonian, resembling Parkinson’s disease
symptoms like tremors and stiffness. Treatment aims to manage
symptoms as the disease progresses.

Autonomic neuropathy is damage to the ANS’s nerves that can
stem from conditions such as diabetes, autoimmune diseases, or in-
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fections. Small fiber neuropathy, affecting small nerve fibers often
alongside autonomic fibers, manifests with symptoms like burning
pain in hands or feet, and less commonly, sharp or tingling sensa-
tions [22,23]. This prevalent condition affects over 4 million Amer-
icans and can be either idiopathic (in 20-50% of patients) or sec-
ondary to other disorders, notably diabetic neuropathy, the most
common form of neuropathy in developed countries [22,24-28].

Diabetic neuropathy involves both sensory and autonomic
nerves, causing symptoms ranging from burning pain (in 10-20%
of diabetic patients) to numbness and weakness [4,29]. Autonomic
complications of diabetes include cardiovascular issues like ortho-
static hypotension and gastrointestinal problems such as gastropa-
resis [30-32]. Treatment focuses on symptom management and
addressing underlying conditions to enhance the quality of life for
affected individuals.

Overall, these conditions highlight dysregulation of the ANS’s
ability to maintain BP and HR in response to changes in posture
or nerve fibers, impacting daily life and requiring management tai-
lored to each disorder’s specific characteristics. Management focus-
es on symptom relief through lifestyle adjustments, medications,
and supportive therapies to enhance quality of life [4,21].

Diagnosis of autonomic disorders involves specialized auto-
nomic function tests. In the 1970s and early 1980s, Ewing, et al.
devised and introduced a set of five straightforward non-invasive
tests to diagnose autonomic dysfunction effectively [33]. These
tests assess various aspects of cardiovascular reflexes: HR response
to the VM, HR response to deep breathing, and HR response to
standing evaluate parasympathetic functions, while systolic BP re-
sponse to standing and diastolic BP response to sustained handgrip
assess sympathetic functions. Known as Ewing’s battery of auto-
nomic function tests, these methods have become widely utilized
for diagnosing peripheral autonomic disorders, such as autonomic
neuropathy in diabetic patients.

Heart Rate Variability (HRV) is considered a valuable marker in
detecting autonomic disorders and assessing cardiovascular health.
Its clinical significance was recognized from studies dating back to
the 1960s, first by Hon and Lee and later by Wolf, et al. as well as
others respectively, showing HRV’s predictive value in conditions
like fetal distress and post-infarction mortality [12,33-35].In 1981,
Akselrod, et al. introduced the power spectral density (PSD) anal-
ysis within the frequency domain method of HRV [36]. This ap-
proach enabled the quantitative analysis of HR fluctuations and the
evaluation of beat-to-beat cardiovascular control. HRV analysis has
proven valuable in cardiology, predicting outcomes in conditions
like myocardial infarction and heart failure [37-42]. Techniques
for analyzing HRV have evolved over the years, contributing to its
widespread use in medical diagnostics and risk assessment [12].

HRV refers to the natural fluctuations in the time intervals be-
tween consecutive heartbeats, known as interbeat intervals (IBIs),
and is widely utilized as a non-invasive method to assess autonomic
tone [43]. The oscillations of a healthy heart are complex and con-
stantly adjusting, enabling the cardiovascular system to swiftly re-
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spond to physical and psychological challenges to maintain homeo-
stasis [44,45]. HRV serves as a metric of the ANS influence on the
heart, specifically reflecting the balance between the sympathetic
nervous system (SNS) and parasympathetic nervous system (PNS),
both critical in regulating many involuntary bodily functions, in-
cluding HR and cardiovascular function [46]. The ANS, as part of the
peripheral nervous system, regulates organ functions through vis-
ceral reflexes [47]. It consists of three main branches: sympathetic,
parasympathetic, and enteric. HRV primarily assesses the sympa-
thetic and parasympathetic branches; the enteric branch, responsi-
ble for gastrointestinal function, operates independently and is not
directly reflected in HRV measurements due to its responsiveness
to local stimuli. The sympathetic and parasympathetic branches in-
tegrate centrally in the hypothalamus, brain stem, and spinal cord
to control activities throughout the body, including the heart and
blood vessels. Sympathetic nerve fibers typically increase HR, con-
duction velocity, and myocardial contractility, preparing the body
for action in response to stress or stimuli [47]. In contrast, para-
sympathetic nerve fibers generally decrease HR and slightly reduce
the strength of heart contractions, promoting relaxation and resto-
ration during rest periods. There is a dynamic interplay between
these two systems, with parasympathetic activity predominating
during rest, influencing resting HR primarily through vagal nerve
tone [48].

HRV analysis provides valuable insights into the dynamic inter-
action between the sympathetic and parasympathetic branches of
the ANS in regulating cardiovascular function, reflecting responses
like “fight-or-flight” (SNS) and “rest-and-digest” (PNS) processes.
While the PNS predominates at rest, slowing the heart to rates as
low as 20-30 beats per minute, SNS activity increases HR and con-
tractility [49]. This balance between SNS and PNS activity, known
as autonomic tone, plays a crucial role in influencing cardiovascular
health outcomes, including mortality risks [50]. Key metrics like
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HR, BP, and HRV reflect this equilibrium. Sympathetic stimulation
elevates HR, whereas parasympathetic stimulation lowers it [51].
Resting HR is correlated with cardiovascular prognosis: higher
rates indicate poorer outcomes, while lower rates may predispose
to conditions like atrial fibrillation [52,53]. Similarly, BP regulation
is influenced by ANS activity, impacting conditions such as hyper-
tension and orthostatic hypotension [54-58]. The interplay be-
tween these systems, affected by factors like stress and physical ac-
tivity, determines HRV patterns. The relationship between PNS and
SNS activity is dynamic and can vary nonlinearly, highlighting the
complexity of autonomic control over cardiovascular function [59].

HRV holds considerable potential in evaluating ANS fluctua-
tions in both healthy individuals and patients with diverse cardio-
vascular and non-cardiovascular disorders. Changes in HRV can
often manifest as early indicators of underlying conditions, provid-
ing insights into disease progression and the effectiveness of treat-
ments. The use of HRV as a biomarker is particularly beneficial in
evaluating secondary autonomic neurological disorders. Through
detailed analysis of frequency and time-domain metrics, HRV elu-
cidates the dynamics of autonomic function, offering profound in-
sights into cardiovascular health. Autonomic tone, reflected in HRV
measurements, serves as a critical physiological marker linked to
various cardiovascular outcomes. Therefore, there is a pressing
need for comprehensive assessment and management strategies to
optimize the clinical utility of HRV in healthcare settings.

Developed by Medeia Inc., the VitalScan-ANS system (Figure 1)
is meticulously designed to streamline the recording and analysis
of HRV responses using portable Electrocardiography (ECG) devic-
es. It delivers automated, standardized, and clinically intuitive re-
sults. VitalScan-ANS has received FDA 510K clearance (K191266),
integrating advanced technologies to capture, store, and analyze
data encompassing ECG, Pulse Wave Velocity (PWV), BP, and HRV.

portable, easy-to-use, and non-invasive.

Figure 1: This is an image of the VitalScan-ANS System developed by Medeia Inc. performing the tilt table test. The VitalScan-ANS System is
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The neuroanalytic VitalScan-ANS Platform incorporates dis-
criminant ANS databases tailored for various autonomic disorders,
leveraging patient data to establish clinical profiles. In the current
study, Medeia Inc. employs VitalScan-ANS’s ECG, PWV, and HRV
technologies to investigate HRV norms across age and sex sub-
groups within neurological patient populations participating in Vi-
talScan-ANS assessments for ANS database construction. Given the
close correlations among HRV measures, the current study focus-
es on two time-domain indices (RMSSD, SDNN) and four frequen-
cy-domain indices (LF, HF, LF/HE, total power) [12]. These indices
are used to analyze short-term changes and patterns in HRV, pro-
viding valuable insights into ANS activity and overall HR patterns at
rest. The study also assesses outcomes from tests such as the Val-
salva Maneuver, deep breathing, and tilt table, enriching the under-
standing of cardiovascular responses in these patient populations.

Furthermore, this study delves into autonomic tone across the
entire age spectrum in both sexes, with a particular focus on analyz-
ing the impact of medical conditions such as cancer, Type 2 Diabe-
tes Mellitus (T2DM), and alcohol toxicity on autonomic functions.
Chronic alcohol consumption leads to a syndrome characterized
by physiological, behavioral, psychological, and perceptual chang-
es. Ethanol, a potent central nervous system depressant, damages
autonomic nerve fibers, resulting in autonomic imbalance, arrhyth-
mias, and cardiac complications [60]. According to the Global Bur-
den of Disease study (2020), 59.1% of individuals aged 15-39 con-
sume hazardous amounts of alcohol, with males comprising 76.9%
of this group, contributing to 11.78 million deaths [61]. Alcohol
stands as the leading risk factor for mortality among males aged
15-49 [61]. Alcohol intoxication adversely affects heart function,
leading to reduced parameters of HRV, which is associated with a
poorer prognosis [62]. Alcohol dependence (AD) also induces neu-
rotoxic effects, including cardiac autonomic neuropathy (CAN),
which increases the risk of cardiovascular diseases early in alcohol
abusers [63]. Subclinical manifestations of CAN often go unnoticed
in routine clinical exams, underscoring the critical role of HRV anal-
ysis for early detection and prognosis assessment [60].

Early detection is paramount in the management of CAN to
mitigate associated cardiovascular complications. CAN in diabetes,
specifically T2DM, refers to impaired autonomic regulation of the
cardiovascular system, prevalent in 31% to 73% of affected indi-
viduals [64,65]. T2DM is a metabolic disorder characterized by
elevated blood sugar levels due to impaired insulin secretion or
action [66]. As of 2018, over 500 million people worldwide were
estimated to have diabetes, with 90-95% falling under the category
of T2DM [67,68]. This condition is linked to both acute and chronic
complications, including microvascular and macrovascular issues
[69].

Diabetic autonomic neuropathy (DAN), a microvascular com-
plication, specifically affects autonomic nerves, particularly in the
cardiovascular system, leading to CAN [32,70]. CAN arises from au-
tonomic dysfunction that impacts the regulation of the heart and
blood vessels, thereby altering cardiovascular hemodynamics. CAN
is associated with serious outcomes such as cardiac arrhythmias,
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silent myocardial infarction, and sudden death in T2DM patients
[71]. Risk factors for CAN include older age, longer diabetes dura-
tion, poor glycemic control, and complications like polyneuropathy,
retinopathy, nephropathy, hypertension, obesity, and dyslipidemia
[72]. CAN progresses from a subclinical phase marked by reduced
HRYV, an indicator of autonomic function, to clinical stages present-
ing symptoms such as resting tachycardia and orthostatic hypoten-
sion [32,73]. While subclinical CAN may be reversible, clinical CAN
involves both parasympathetic and sympathetic denervation of the
heart [73,74]. HRV, assessed through various electrocardiogram
metrics, consistently shows reduced values in T2DM patients with
CAN compared to those without, making it a crucial non-invasive
diagnostic tool for early detection of autonomic dysfunction in dia-
betes [75,76]. Therefore, HRV serves as an essential diagnostic tool
in identifying CAN in diabetic patients.

Time domain measures of HRV, traditionally utilized in car-
diology and diabetes research, are increasingly being applied in
cancer studies [77]. Cancer remains a leading cause of mortality
despite advancements in medical science [78]. Over the past two
decades, multiple studies have consistently demonstrated that HRV
effectively predicts and monitors specific cancer-related outcomes
[79-81]. Bijoor, et al. explored the correlation between autonomic
function and cancer, noting signs of autonomic dysfunction such as
irregular sweating patterns, orthostatic hypotension, and bladder
and bowel disorders commonly observed in advanced cancer stag-
es, suggesting a potential link between cancer pathogenesis and
autonomic dysfunction [82,83].

Autonomic dysfunction is prevalent in patients with advanced
cancer, possibly attributed to reduced physical activity, medica-
tions, or paraneoplastic processes [84-89]. However, the precise
impact of autonomic dysfunction on clinical findings and prognosis
in advanced cancer remains unclear [90]. Patients with advanced
breast cancer exhibiting abnormal cardiovascular autonomic func-
tion tests were more likely to report symptoms like postural hy-
potension and chronic unexplained nausea [84,85,87]. Some stud-
ies have shown a correlation between autonomic dysfunction and
shorter survival [91-94]. Further research is needed to elucidate
the exact role of autonomic dysfunction in influencing outcomes in
advanced cancer patients.

Despite the potential of HRV as a convenient biomarker for au-
tonomic function, there is a notable absence of comprehensive pop-
ulation-based studies evaluating the influence of common variables
such as age on HRV parameters [95-97]. This study by Medeia Inc.
serves as a proof-of-concept to evaluate the effects of age and gen-
der using a large sample size (n=328,591) on HRV parameters. Ad-
ditionally, it aims to assess the impact of prevalent conditions such
as alcohol toxicity, cancer, and T2DM on HRV parameters. This com-
prehensive analysis seeks to deepen understanding of how these
factors, alongside age and gender, influence the ANS activity. It aims
to potentially standardize HRV as a diagnostic marker within the
VitalScan-ANS databases for neurological and neuropsychological
disorders, expand the discriminant databases to include autonomic
neuropathies, and inform personalized treatment approaches.
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Materials And Methods

Subject and Variable Selection

Patient data acquisition occurred between 2014 and 2023
across multiple neurology offices. Patients who qualified for the
VitalScan-ANS assessment were concurrently evaluated for their
ECG/HRV data. The subject selection criteria for a VitalScan-ANS
assessment are detailed below.

Inclusion/Exclusion Criteria, Demographics and Gender
[98]: For subjects aged 4 to 18 years, parents completed a neurolog-
ical history questionnaire for them, and psychometric evaluations
were conducted. Adults (218 years) also completed a neurological
questionnaire, and those deemed unhealthy were excluded based
on questionnaire responses and/or physician comments. Physi-
cians have access to the following questionnaires: GAD-7 (Anxiety
Severity), DSM-5 Level 1 (Cross-Cutting Symptom Measures), PHQ-
9 (Depression), PCL-C (PTSD Severity), and general neurological
questionnaires. Inclusion required at least one questionnaire score
below moderate and physician-verified health in that the patient
was deemed healthy. Any patient records or previously known
medical records with questionnaire score of ‘moderate’ or ‘severe’
were excluded from the VitalScan-ANS database, regardless of oth-
er information.

Demographic Characteristics [98]: It is crucial that the de-
mographic mixture of males and females, various ethnic groups,
and socioeconomic statuses be reasonably representative of the ex-
pected North American clientele. This diversity was derived from a
large pool of subjects obtained from eight geographically dispersed
sites, reflecting the North American demographics and addressing
a wide range of ethnic and socioeconomic statuses found in the
de-identified patient data before review.

Client-Based VitalScan-ANS Database [98]: Each client in the
VitalScan-ANS database completed a DSM-based questionnaire. Re-
gression analysis was utilized to remove any psychopathology-re-
lated variance from the ECG, PWV, BP, and HRV data. This process
ensures that the variance in the ECG of ‘healthy’ subjects, which is
explained by the variance in the questionnaire, is removed to create
a ‘psychopathology-free’ ANS normative database or discriminant
databases for various brain disorders.

Utilizing a client-based normative or discriminant database has
its own set of advantages. Clients may harbor expectations distinct
from those of ‘healthy’ subjects concerning ANS recordings. Given
that it is common for clients to experience worry or stress during
ANS sessions, research has demonstrated a significant correlation
between anxiety levels and the power distribution of the frequency
band spectrum. In essence, profound differences may exist in the
resting state ANS recordings of clients compared to ‘healthy’ sub-
jects, differences unrelated to the psychological complaints of the
clients. Therefore, comparing a client’s ANS (ECG, PWV, BP, and
HRV data) with a normative database comprising ‘healthy’ subjects
without accounting for the aforementioned variations might lead to
incorrect conclusions and render the treatment ineffective.
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Patients were prepared for a VitalScan-ANS assessment, where
ECG/HRV data were collected concurrently.

To Prepare the Patient for a VitalScan-ANS Assessment
[98]: To perform a reliable VitalScan-ANS assessment, it is essen-
tial to observe the following patient preparations: patients should
abstain from consuming caffeine at least 2 hours before the assess-
ment, avoid taking any new medications or supplements unless
directed by a healthcare provider, and refrain from using alcohol,
marijuana, or other recreational drugs at least 6 hours prior to the
assessment. Patients with pacemakers should not undergo testing
during the visit and are required to complete a brief neuropsycho-
logical questionnaire about their symptoms before testing. During
the testing, ensure the patient is comfortably seated in a chair while
brain behavioral measurements and activities are recorded.

Brief Guide to Operate the VitalScan-ANS System for Patient
Assessment [98]: The VitalScan-ANS System comprises a worksta-
tion with three BP Cuffs, three photoplethysmography (PPG)/ Sp02
finger sensors, three-lead ECG sensors, and a response button for
visual, and motor tests.

To operate the VitalScan-ANS System, follow these steps: Turn
on your laptop, open the VitalScan-ANS software, and ensure that
the ECG amplifier device’s USB is properly connected. To confirm
the connection, click on the settings button and press “Check Device
Connection.” Position the patient comfortably in a chair facing the
laptop screen at eye level.

For patient preparation, apply the three-lead ECG sensors-place
the red lead under the right clavicle, the black lead under the left
clavicle, and the yellow lead below the last left rib. Attach the pulse
Ox SpO02 finger sensors, along with three BP Culffs - one on the right
arm, and one each on the left and right ankles. In the software, se-
lect “New Measurement” and then “ANS Response Test.” Choose op-
tions for Resting, Deep Breathing, Valsalva Maneuver, and Tilt Test.

Proceed to the patient information section, select “New” or “Ex-
isting Patient,” and enter the patient’s details, including name, date
of birth, gender, weight, height, medications, symptoms, or previ-
ous diagnoses. Progress to the patient questionnaire, guiding the
patient through detailed answers-an essential step. In the pre-test
screen, check signal quality.

After a successful test, view the results on the overview page
and disconnect the patient. The software results, starting with the
neurofunctional test option, provide a general summary with scales
ranging from red (abnormal) to green (healthy), helping diagnose
and assess the patient’s cardiovascular health. Light green is bor-
derline, while yellow and orange indicate areas of concern.

Autonomic Function Tests

Standardized quantitative testing of autonomic function is cru-
cial for both clinical diagnosis and research. While there are various
autonomic tests available, only a few have been clinically validat-
ed and provide quantitative results. For quantitative autonomic
testing, the following protocol, based on methodology developed
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primarily by Dr. P. Low and colleagues, and referenced by Dr. Peter
Novak, is used to evaluate three key aspects of autonomic function:
heart rate variability (cardiovagal), responses to stress (adrener-
gic), and sweat gland activity (sudomotor) [99,100]. Tests such as
deep breathing, the Valsalva Maneuver, head-up tilt, and the quan-
titative sudomotor axon test (QSART) are used to assess these do-
mains. Proper data collection, accurate parameter measurement,
and unbiased interpretation of autonomic signals are emphasized.
Several challenges related to data quality can impact various mea-
surements. For instance, insufficient cleaning of skin can introduce
noise in ECG signals, making it hard to detect R waves accurately. Dr.
Novak also noted the incorrect positioning of blood pressure sen-
sors can result in inaccurate high or low readings. Software used for
data processing may struggle to distinguish artifacts in BP readings,
especially in patients with conditions like Parkinson’s disease char-
acterized by tremors. In the current study, the following tests were
performed to measure HR responses, while acknowledging the pit-
falls of each test [99].

Deep Breathing Test [99]: The purpose of the test is to eval-
uate cardiac parasympathetic (cardiovagal) function, also referred
to as cardiovagal testing. Deep Breathing Test (DBT) is conducted
with the patient in a supine position. During inhalation, the dia-
phragm contracts, lowering intrathoracic pressure to facilitate air
intake. Reducing arterial blood pressure deactivates baroreceptors
and diminishes vagal tone, leading to increasing HR. Conversely,
during exhalation, as the diaphragm relaxes, intrathoracic pres-
sure rises to expel air from the lungs. This elevation in BP activates
baroreceptors, enhancing vagal tone and consequently reducing
HR. Thus, HRs rise during inhalation and fall during exhalation in
healthy individuals.

Procedure:
1. Baseline: Record 5 minutes of resting HR to establish baseline.

2. Instructions: Instruct the subject to breathe deeply and regu-
larly: inhale for 5 seconds and exhale for 5 seconds, repeating
this cycle six times (totaling 1 minute).

3.  Monitoring: Ensure breathing is done through the nostrils to
monitor end-tidal CO2 levels and avoid hyperventilation. Addi-
tionally, patient should avoid breath holding and sudden inha-
lations or exhalations. ECG recordings were made throughout
the test. The mean difference between the maximum and min-
imum HR was calculated for analysis.

4. Measurement: Calculate Respiratory Sinus Arrhythmia (RSA),
which is the difference in HR between the end of expiration (or
exhalation) [(longest RR interval (RRmax)] and end of inspira-
tion (or inhalation) [(shortest RR interval (RRmin)] averaged
over 6 respiratory cycles. HR response is quantified as the dif-
ference (E - I) or ratio (E / I):

i. E - I = RRmax - RRmin

il. E /I=RRmax / RRmin
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Pitfalls:

1) Anxiety and abnormal respiratory patterns can affect DBT re-
sults. The subject should be relaxed during testing. A key in-
dicator of anxiety is HR; ensure it is stable before starting the
test. The resting respiratory pattern should be normal with no
hyperventilation or tachypnea (respiratory rate above 11 per
minute).

2) The DBT test may not be useful in certain cardiac dysrhyth-
mias such as atrial fibrillation or when the HR is controlled by
a pacemaker. This is because vagal nerve modulation, which
affects HR during deep breathing, can be overridden by the
heart’s intrinsic rhythm or a pacemaker. Understanding car-
diac rhythm abnormalities is important for interpreting test
results.

3) Errors in DBT results can occur due to improper detection of
R waves from ECG signals. This can happen if R waves are too
small to be detected reliably. Poor skin contact can create noise
in the ECG background, which can lead to inaccurate test out-
comes.

Valsalva Maneuver [99]

This test assesses autonomic function, particularly sympathetic
(adrenergic) and parasympathetic (cardiovagal) responses. During
the Valsalva Maneuver (VM), HR initially increases due to height-
ened sympathetic activity triggered by a fall in aortic BP caused by
elevated intrathoracic pressure, which diverts blood away from the
heart. Subsequently, HR continues to rise momentarily due to both
the reflexive response to take a deep breath (vagal inhibition) and
a delayed sympathetic response. Following this, HR decreases as
BP rises, activating baroreceptors and enhancing parasympathetic
cardiac activity. This increase in BP results from blood returning to
the heart as intrathoracic pressure normalizes and from persistent
sympathetic activity leading to peripheral vasoconstriction.

The test provides two key measurements: the Valsalva ratio,
which assesses HR changes, and the Valsalva response, which eval-
uates BP changes. Monitoring BP changes during phases 2 (recov-
ery) and 4 (overshoot) is particularly important for detecting sym-
pathetic dysfunction.

Procedure:

1) Preparation: Practice a VM briefly with the subject, in a supine
position, to ensure comfort.

2) Baseline: Allow approximately 5 minutes of relaxation before
beginning the VM.

3) Instructions: Instruct the subject to take a deep breath and
blow into a mouthpiece to maintain an expiratory pressure of
around 40 mm Hg for 15 seconds.

4) Repetitions: Wait for 30 seconds between each VM and repeat
the VM three times. Subjects were instructed to strain for at
least 15 seconds. Continuous ECG recording was conducted
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throughout the procedure and for an additional 60 seconds
thereafter. The Valsalva ratio was calculated during straining
as the ratio between the longest mean RR intervals and the
shortest mean RR interval observed.

5) Parameters: Evaluate several parameters:

a) Valsalvaratio is defined as the maximum HR during the VM di-
vided by the lowest HR obtained within 30 seconds of the peak
HR (ratio of longest RR interval after to shortest RR interval
during VM).

b) Maximal drop in mean blood pressure during phase 2.

c) Peak of mean BP at the end of late phase 2 (recovery).

d) Overshoot in phase 4.
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e) Maximal pulse pressure drop during phase 2.
Pressure recovery time.
Pitfalls:

1) Performing the VM requires significant cooperation from sub-
jects. Many elderly or frail patients may struggle to perform it
correctly due to weakness in the muscles around the mouth,
leading to air leaks during the strain.

2) Evaluation of adrenergic functions cannot be conducted using
a square-wave variant of the VM (Figure 2). This type of re-
sponse is uncommon but may occur in healthy individuals or
patients with congestive heart failure. Therefore, alternative
methods or maneuvers may be needed for assessing adrener-

gic function in these cases.
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Figure 2: This figure demonstrates a square-variant of Valsalva Maneuver [99].

Tilt Table Test [99]

The Tilt Table Test (TTT) predominantly evaluates adrenergic
functions by simulating orthostatic stress by moving the subject
lying on a table from a supine position to an upright tilt in a con-
trolled manner (‘passive tilt’). In a supine position, the body is at
rest, and the parasympathetic tone of the ANS predominates. This
results in a low HR and high HRV during rest.

When transitioning to a head-up tilt position, there is a signif-
icant redistribution of blood from the upper body to the abdomen
and lower extremities. This reduces blood volume in the upper
body, leading to a decrease in cardiac output and BP. To counteract
this sudden drop in BP, the SNS is activated, leading to an increase
in HR and peripheral vasoconstriction. Normal HR responses in-
volve an increase of 10 to 30 beats per minute, with a maximum
HR of less than 120 beats per minute. BP responses are considered
normal if the systolic BP decreases by less than 30 mm Hg or if the
mean BP decreases by less than 20 mm Hg. Immediately after the
tilt, HR gradually rises, reaching its peak approximately 15 seconds
after the postural change. As the body adjusts to the new position,
a new baseline is established where sympathetic and parasympa-

thetic activities reach a stable balance. In the upright position, the
average HR is higher compared to the supine position. Additionally,
HRV decreases, particularly in indices sensitive to PNS activity. This
shift reflects the altered autonomic balance in response to the pos-
tural change, with sympathetic activity playing a more dominant
role.

Procedure:

1) Get a baseline BP read from the brachial artery for 5 minutes
before starting the tilt test.

2) Thentilt the subject upright at a 70-degree angle and monitor-
ing changes in BP and HR for about 5 to10 minutes.
3) Monitor the subject closely for any signs of discomfort, chest

pain, shortness of breath, dizziness, lightheadedness, and syn-
cope that may require prematurely terminating the test. After
lying down for 5 minutes, the subjects were instructed to stand
up as quickly as possible. ECG recording began immediately
upon standing and continued for 60 seconds thereafter. The
30:15 ratios, which represent the mean ratio between the RR
interval of the 30th beat and the 15th beat, were estimated
during this procedure.
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Pitfalls:

i.  The tilt test can be challenging to interpret accurately when a
patient is taking multiple medications. Discontinuing medica-
tions before testing is not always feasible or practical, which
can complicate the interpretation of the test results.

ii.  Obtaining high-quality recordings during the tilt test can be
difficult in patients with movement disorders, such as Parkin-
son’s disease with tremors. These tremors can introduce noise
or artifacts into the recordings, potentially affecting the reli-
ability and interpretation of the test outcomes.

The above battery of tests helps to diagnose and classify auto-
nomic disorders, providing insights into the extent and nature of
dysfunction. In summary, cardiovagal function is derived from the
DBT and VM results. Adrenergic function is assessed based on the
VM and TTT outcomes. Results will guide treatment decisions and
interventions aimed at improving autonomic regulation and pa-
tient outcomes. In clinical practice, these autonomic function tests
are crucial for assessing autonomic health comprehensively, aiding
in the diagnosis and management of conditions affecting the ANS.

Assessment of Heart Rate (HR)

Resting HR was assessed by counting the total number of RR
intervals observed in a one-minute electrocardiogram recorded in
lead I, with the patient in a supine position and completely relaxed.
During measurement, patients were seated upright, nearly motion-
less, and breathing at a normal rate for a duration of 3 to 5 min-
utes. HRV was quantified using three consecutive minutes of ECG
recordings. The ECG sampling rate employed was 100 Hz, chosen to
provide sufficient bandwidth for detecting QRS peaks, which were
bandpass filtered between 8 to 15 Hz [101].

HRV Measurements: Time and Frequency Domains

The Task Force of the European Society of Cardiology and North
American Society of Pacing Electrophysiology (thereafter refer to
as ‘Task Force’) established HRV standards in 1996, which were re-
viewed by Shaffer and Ginsberg in 2017 [12,102]. When evaluating
HRV, ECG equipment must adhere to voluntary industrial standards
concerning signal-to-noise ratio, common mode rejection, band-
width, and other factors [12]. To standardize physiological and clin-
ical studies, two types of recordings are typically used: a) 5-minute
short-term recordings, under stable physiological conditions, pro-
cessed by frequency domain methods, and b) nominal 24-hour re-
cordings processed by time-domain methods [12].

Time-domain Measures: The time domain method of HRV
assesses intervals between successive QRS complexes in ECG re-
cordings, termed normal-to-normal (NN) intervals. These intervals
are used to compute several HRV time-domain indices that quantify
variability over periods ranging from less than a minute to over 24
hours. Key indices applied in this study are RMSSD and SDNN [102].
SDNN measures the standard deviation of NN intervals and reflects
overall HRV excluding abnormal beats like ectopic beats. It provides
a measure of total variability over the recording period. RMSSD cal-
culates the root mean square of successive differences between NN
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intervals (noise-free RR), emphasizing beat-to-beat variability pri-
marily influenced by PNS activity [103]. It is more sensitive to vagal
changes than SDNN and is calculated using successive NN interval
differences [104].

Artifact contamination in even a short segment can significant-
ly distort SDNN and RMSSD values [105]. RMSSD, widely used to
estimate high-frequency HRV variations, is preferred for its robust
statistical properties [12]. Comparing time-domain HRV measures
across recordings of different durations is inappropriate due to
their specific roles in assessing autonomic output, including para-
sympathetic and sympathetic activity [12,102,106].

Frequency-domain Measures: Frequency domain analysis
utilizes methods such as Fast Fourier Transform (FFT) to categorize
HRV into spectral bands: Very Low Frequency (VLFE, < 0.0033 Hz),
Low Frequency (LF, 0.04-0.15 Hz), and High Frequency (HF, 0.15-
0.40 Hz) [47]. These bands reflect different oscillatory rhythms of
HR influenced by ANS activity [12]. VLF is typically assessed over
longer periods (e.g., 24 hours), while LF and HF bands capture
shorter-term variations influenced by respiration [102].

Short-term recordings (2 to 5 minutes) of HRV distinguish three
main spectral components: VLE, LF, and HF components [12]. Ac-
cording to the Task Force, the distribution of LF and HF power and
their central frequencies can vary with changes in autonomic mod-
ulation of heart period [12]. However, the interpretation of Very
Low Frequency (VLF) components from short-term recordings (<5
minutes) is less clear due to uncertainties in its physiological signif-
icance and should be cautiously interpreted in PSD analyses [12].
Total power sums the energy across ULF, VLF, LF, and HF bands over
a 24-hour period or excludes ULF for short-term recordings [12].

Absolute power measures the energy within each frequency
band (in ms?/Hz), while relative power (normalized units or as a
percentage of total power) allows comparison between individuals
by standardizing the power across LF and HF bands [102]. The LF/
HF ratio, derived from LF and HF powers, provides an estimate of
SNS to PNS nervous system activity [102].

In summary, HRV analysis encompasses comprehensive evalu-
ation using both time domain and frequency domain methods, pro-
viding valuable insights into ANS function and its modulation of HR
dynamics.

Results and Discussion
Resting HR average versus Age

Normal human aging is associated with changes in autonomic
functions, in addition to those occurring in diseased states [107]. In
this study, ECG, BP and PPG data from 328,591 participants, both
male and female individuals aged 20 to 90 years, were collected
during VitalScan-ANS assessments across multiple neurology offic-
es. The study evaluated the cardiovagal and adrenergic domains of
the ANS using HRV metrics to explore the impact of age and sex on
autonomic function in neurological patients, including those with
concomitant T2DM, cancer, and alcohol toxicity. Numerical data
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were summarized as mean and standard deviation (SD) for each
sex across different age groups.

HRV declined steadily from ages 20 to 90 years, with decreas-
es observed across all HRV metrics. Figure 3 illustrates the resting
HR responses to age and sex as mean * SD (standard deviation) for
both males and females aged 20 to 90 (Figure 3a). Thus, resting
HR serves as a marker reflecting the status of vagal nerve function,
indicating the balance between sympathetic and parasympathet-
ic influences on cardiac activity [48]. A gradual decline in resting
HR was evident in both sexes. For males, there was a decline from
80.48+12.62 in the 20-25 years old to 66.56+10.39 in the 80-90
years old (Table 1). Similarly, resting HR in females trended down-
ward from 82.48+12.19 to 68.78+10.06 over the same age range.
Jha, et al. also found that females had a higher baseline HR at rest
compared to males (84.37 vs. 78.43) in individuals aged between
18 and 25 years [108]. Thus, while there were no significant dif-
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ferences in HR responses between sexes, a consistent regression
with age was observed. However, females tended to exhibit slightly
higher resting HR responses across the age spectrum (Figure 3b).
It's worth noting that all recorded HR values fell within the normal
range of 60-100 beats per minute, as HR above 100 or below 60
beats per minute is considered abnormal [107]. The decreasing HR
responses suggest an age-related decline in both sympathetic and
parasympathetic functions, irrespective of sex. Unlike Umetani, et
al, who found HRV to be significantly influenced by both sex and
aging, the current study did show influence, albeit not significant
[109]. Specifically, Umetani, et al. found that females under 30 years
had lower HRV than males across all time-domain metrics, with no
significant differences for those over 50 [109]. Gender differences
decreased after age 30 and disappeared by age 50. Their 24-hour
study included 260 healthy subjects (112 males and 148 females,
aged 10 to 99), which is smaller than the current study, but both
studies showed an age-dependent decline in HR and HRV metrics.
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Figure 3a: Average resting HR (bpm) versus age, with error bars, shows a decrease with age in both men (left) and women (right) aged 20-90
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Figure 3b: Average resting HR (bpm) versus age shows a decline in both men (left) and women (right) aged 20-90 years, with both curves
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Table 1: Average HR (bpm) and standard deviation (SD) of male and female patients, across ages 20-90 years.

age sex # of patients Mean SD
20-25 male 725 80.48 12.62
25-30 male 1288 78.67 12.68
30-35 male 1816 77.44 119
35-40 male 2494 76.51 11.92
40-45 male 3177 75.2 11.64
45-50 male 4141 74.39 11.6
50-65 male 5784 73.3 11.33
60-70 male 15427 71.22 11.16
70-80 male 19811 68.43 10.8
80-90 male 7467 66.56 10.39
20-25 female 1446 82.48 12.19
25-30 female 2457 80.51 11.47
30-35 female 3120 79.94 11.43
35-40 female 3866 78.41 11.27
40-45 female 4870 77.36 10.94
45-50 female 6186 75.77 10.78
50-65 female 8021 74.34 10.62
60-70 female 20058 72.45 10.57
70-80 female 24287 70.45 10.22
80-90 female 9484 68.78 10.06

Time-domain Metrics (SDNN, RMSDD) versus Age

Time-domain indices offer insights into HRV influenced by var-
ious physiological factors. These indices include mean NN interval,
mean HR, as well as differences between the longest and shortest
NN intervals, and variations between night and day HRs. The sim-
plest measure is evaluating the intervals between QRS complexes
in an ECG, known as normal-to-normal (NN) intervals or instanta-
neous HR. One key metric is the standard deviation of NN intervals
(SDNN), which reflects the total cyclic components contributing to
variability during a recording period [12]. SDNN, expressed in mil-
liseconds, indicates the fluctuation of HRV around its mean value,
providing insights into the ANS and overall HRV.

SDNN is considered the “gold standard” for assessing cardiac
risk when measured over a 24-hour period [12,103]. Although typ-
ically calculated over 24 hours, SDNN can also be computed over
shorter durations to assess HRV dynamics. SDNN measures both
parasympathetic and sympathetic activity, and higher SDNN values
are associated with reduced morbidity and mortality rates [110].

For instance, individuals with SDNN values over 100 ms have sig-
nificantly lower mortality risks compared to those below 50 ms
[42]. In clinical practice, SDNN values below 50 ms are indicative
of poor health, values ranging from 50 to 100 ms suggest com-
promised health, while values exceeding 100 ms are considered
healthy [42].

In this study, SDNN and RMSSD metrics were calculated in dif-
ferent age cohorts. SDNN was higher in men compared to women,
ranging from 48.54+17.83 (20-25 years old) to 32.55+14.00 (80-
90 years old) for men, and showing a similar decline with age in
women, from 46.46+15.81 (20-25 years old) to 31.67+13.48 (80-
90 years old) (Table 2). These SDNN values were below 50 ms,
suggesting poor health and higher than normal mortality risks in
the tested subjects. Since SDNN is typically measured over a longer
period, conducting short-term recordings might affect the results,
necessitating further examination of SDNN’s appropriateness as a
metric for this specific test subject population. Overall, both sexes
exhibited a comparable linear decline in SDNN (Figure 4a and 4b).

Table 2: Mean SDNN (ms) and standard deviation (SD) of male and female patients, across ages 20-90 years.

age sex # of patients Mean SD

20-25 male 2209 48.54 17.83
25-30 male 3718 48.58 17.38
30-35 male 6165 45.19 16.55
35-40 male 7717 43.57 16.6
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40-45 male 9916 41.93 16.26
45-50 male 12655 39.8 15.88
50-65 male 15691 37.75 15.74
60-70 male 37698 35.77 15
70-80 male 31124 33.81 14.58
80-90 male 9311 32.55 14
20-25 female 3481 46.46 15.81
25-30 female 6102 46.43 15.8
30-35 female 9038 44.46 15.7
35-40 female 11283 42.52 15.59
40-45 female 14833 40.34 15.65
45-50 female 18124 38.79 15.49
50-65 female 22575 37.06 14.93
60-70 female 51089 35 14.47
70-80 female 43517 32.8 13.9
80-90 female 14283 31.67 13.48
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Figure 4a: Mean SDNN (ms) versus age, with error bars, shows a decline with age in both men (left) and women (right) aged 20-90 years.

Table 3: Mean RMSSD (ms) and standard deviation (SD) of male and female patients, across ages 20-90 years.

age sex # of patients Mean SD
20-25 male 2209 31.69 13.28
25-30 male 3718 30.79 12.99
30-35 male 6165 28.88 12.3
35-40 male 7717 27.09 12.3
40-45 male 9916 25.67 12.05
45-50 male 12655 24.27 11.6
50-65 male 15691 23.05 11.26
60-70 male 37698 22.2 10.81
70-80 male 31124 21.72 10.4
80-90 male 9311 21.65 10.18
20-25 female 3481 32.6 13.87
25-30 female 6102 31.92 13.26
30-35 female 9038 30.41 13.27
35-40 female 11283 29.09 13.4
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40-45 female 14833 27.29 13.04
45-50 female 18124 26.19 12.56
50-65 female 22575 24.83 11.99
60-70 female 51089 23.45 11.3
70-80 female 43517 22.41 10.82
80-90 female 14283 22.2 10.58
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Figure 4b: Mean SDNN (ms) versus age shows a decline in both men (left) and women (right) aged 20-90 years, with both curves demonstrating
a parallel downward trend.
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Figure 5a: Mean RMSSD (ms) versus age, with error bars, shows a decline with age in both men (left) and women (right) aged 20-90 years.
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Figure 5b: Mean RMSSD (ms) versus age shows a decline in both men (left) and women (right) aged 20-90 years, with both curves demonstrating
a parallel downward trend.

American Journal of Biomedical Science & Research 334




Am ] Biomed Sci & Res

An important feature of RMSSD is its ability to characterize
short-term rapid changes in HR, which occur primarily under the
influence of the PNS. RMSSD is considered the primary parameter
for assessing PNS function, quantifying the short-term compo-
nents of HRV and reflecting overall vagal modulation of HRs [111].
Across all age groups, mean RMSSD values were higher in wom-
en compared to men (Table 3). In the youngest age group (20-25
years), men exhibited a mean RMSSD of 31.69+13.28 compared to
32.60+13.87 in women. In the oldest age group (80-90 years), men
also showed a lower mean RMSSD of 21.65+10.18, whereas women
had a mean RMSSD of 22.20+10.58. While the difference in mean
RMSSD between men and women across different age cohorts
does not appear significant, women tend to start with slightly high-
er RMSSD values than men in their early twenties. Overall, mean
RMSSD decreased with age (Figures 5a and 5b). Umetani, et al. also
found that all HRV metrics decreased with age, similar to the cur-
rent study, which showed declines in both SDNN and RMSSD [109].
However, unlike Umetani’s findings, the current study did not indi-
cate that these metrics fell below levels associated with increased
mortality risk for individuals over 65 [109]. Instead, SDNN values
fell below the 50 ms mark starting at 20 years old for both males
and females, continuing to decline through 90 years old, which is
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indicative of poor health and potentially high mortality risk.

Frequency-domain Metrics (LF, HF, LF/HF, Total Power) versus
Age

Low-Frequency (LF) and High-Frequency (HF) components
are typically reported in absolute values of power (milliseconds
squared). Additionally, LF and HF can be expressed in normalized
units, reflecting their proportion relative to total power minus very
low frequency (VLF) [12]. Normalization underscores the balanced
activity of autonomic nervous system branches and mitigates the
impact of total power changes on LF and HF values. However, it is
recommended to present both normalized units and absolute pow-
er values of LF and HF to comprehensively describe the distribution
of spectral power components. The LF power spectrum reflects
both sympathetic and parasympathetic modulation of the RR in-
tervals, while HF serves as a surrogate marker for parasympathet-
ic modulation [112]. Mean LF power decreased by 76.4% [(758-
179)/758] in males and 73.5% [(645-171)/645] in females from
age 20 to 90 years (Table 4), while HF power decreased by 66.4%
[(342-115)/342] in males and 68.2% [(412-131)/412] in females
(Table 5). This suggests a greater decline in sympathetic activities
compared to parasympathetic functions.

Table 4: Mean LF (ms?) and standard deviation (SD) of male and female patients, across ages 20-90 years.

age sex # of patients Mean SD
20-25 male 2209 758 713
25-30 male 3718 800 743
30-35 male 6165 687 720
35-40 male 7717 636 697
40-45 male 9916 563 621
45-50 male 12655 479 559
50-65 male 15691 399 498
60-70 male 37698 305 387
70-80 male 31124 226 311
80-90 male 9311 179 262
20-25 female 3481 645 645
25-30 female 6102 655 675
30-35 female 9038 595 629
35-40 female 11283 537 601
40-45 female 14833 462 542
45-50 female 18124 401 509
50-65 female 22575 349 464
60-70 female 51089 271 349
70-80 female 43517 204 269
80-90 female 14283 171 233
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Table 5: Mean HF (ms2) and standard deviation (SD) of male and female patients, across ages 20-90 years.

age sex # of patients Mean SD
20-25 male 2209 342 317
25-30 male 3718 298 280
30-35 male 6165 258 260
35-40 male 7717 218 238
40-45 male 9916 193 228
45-50 male 12655 168 202
50-65 male 15691 148 185
60-70 male 37698 133 172
70-80 male 31124 120 152
80-90 male 9311 115 143
20-25 female 3481 412 397
25-30 female 6102 376 363
30-35 female 9038 344 346
35-40 female 11283 303 326
40-45 female 14833 265 301
45-50 female 18124 233 272
50-65 female 22575 201 241
60-70 female 51089 168 208
70-80 female 43517 141 177
80-90 female 14283 131 164
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Figure 6a: Mean LF (ms?) versus age, with error bars, shows a decline with age in both men (left) and women (right) aged 20-90 years.
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Figure 6b: Mean LF (ms?) versus age shows a decline in both men (left) and women (right) aged 20-90 years, with both curves demonstrating a
parallel downward trend.
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When comparing LF power between males and females across
different age groups, males generally exhibited higher mean LF val-
ues (Table 4). Both sexes showed a slight peak in mean LF pow-
er from ages 20-25 to 25-30 before a subsequent decline (Figures
6a and 6b). For example, mean LF power rose from 758+713 to
800+743 in males and from 645+645 to 655675 in females be-
fore declining after age 30. However, males experienced a greater
magnitude of LF decline compared to females (76.4% vs. 73.5%),
suggesting a higher sympathetic decline in males as they age. More-
over, higher SD values compared to the mean were observed across
all age groups in males aged 30 (687+720) and older, and in females
aged 25 (655+675) and older. These higher SD values suggest sig-
nificant individual variation within each age and gender cohort
within the population.

Similarly, higher SD values compared to the mean were also
found in mean HF power for both males (258+260) and females
(344+346) aged 30 and older (Table 5). However, unlike LF power,
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females (68.2%) exhibited a steeper decline in HF power compared
to males (66.4%) (Table 5, Figures 7a and 7b). Moreover, females
exhibited higher HF power than males across all age groups, with
values of 412+397 to 131+£164 compared to 342+317 to 115+143
in men within the same age category. The lowest HF power was ob-
served in the oldest group (80-90 years), where females showed
HF power of 131+164 versus 115+143 in their male counterparts.
Additionally, the brief rise in power observed for LF in the 25-30
age group was absent for HF in both males and females. Both sexes
showed a decline in both HF and LF power with age, suggesting a
weakening ANS with advancing age. In a study conducted by Diet-
rich, et al, it was demonstrated that age exhibits an inverse cor-
relation with HRV in both men and women [113]. This observation
is attributed to a reduction in vagal tone as individuals age. Fur-
thermore, total power represents the sum of VLF, LE, and HF bands
in short-term recordings. Therefore, the decrease in total power
aligns with the reductions observed in LF and HF bands with age
(Table 6, Figures 8a and 8b).
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Figure 7a: Mean HF (ms?) versus age, with error bars, shows a decline with age in both men (left) and women (right) aged 20-90 years.
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Figure 7b: Mean HF (ms?) versus age shows a decline in both men (left) and women (right) aged 20-90 years, with both curves demonstrating a
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Table 6: Mean total power (ms?) and standard deviation (SD) of male and female patients, across ages 20-90 years.

age sex # of patients Mean SD
20-25 male 2209 2520 1998
25-30 male 3718 2487 1837
30-35 male 6165 2135 1634
35-40 male 7717 1960 1583
40-45 male 9916 1802 1526
45-50 male 12655 1593 1404
50-65 male 15691 1418 1523
60-70 male 37698 1209 1145
70-80 male 31124 1022 1038
80-90 male 9311 899 899
20-25 female 3481 2281 1585
25-30 female 6102 2249 1590
30-35 female 9038 2065 1541
35-40 female 11283 1883 1456
40-45 female 14833 1687 1409
45-50 female 18124 1538 1569
50-65 female 22575 1381 1275
60-70 female 51089 1183 1129
70-80 female 43517 984 977
80-90 female 14283 886 888
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Figure 8a: Mean total power (ms?) versus age, with error bars, shows a decline with age in both men (left) and women (right) aged 20-90 years.
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Figure 8b: Mean total power (ms? versus age shows a decline in both men (left) and women (right) aged 20-90 years, with both curves demonstrating
a parallel downward trend.
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The PNS controls homeostasis, digestion, and resting bodily
functions, while the SNS governs fight-or-flight responses. Vagal ac-
tivity predominantly influences HRV, which can predict, diagnose,
manage, and prevent many cardiovascular dysfunctions by assess-
ing sympathovagal balance. The LF/HF ratio serves as an indicator
of sympathovagal dominance and reflects the balance between SNS
and PNS activity [114]. Normal values published for LE, HF, and LF/
HF ratio are 591 + 291 ms?, 657 = 777 ms?, and 2.8 + 2.6, respec-
tively [102,115]. A higher LF/HF ratio indicates SNS dominance,
while a lower ratio suggests PNS dominance, quantifying the over-
all autonomic balance [116] Billman, however, challenged the view
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that LF/HF ratio measures sympatho-vagal balance [114,117,118].

The LF/HF ratio at rest is higher in males than females, indi-
cating elevated sympathetic modulation or dominance (Figures 9a
and 9b) [119]. The most significant increase in ratio was observed
between ages 35-50, with no comparable rise seen in females (Ta-
ble 7). Compared to sedentary individuals aged 18-22 (LF/HF ratio:
2.6), the male ratios in this study ranging from 5.107 to 5.356 in the
35-50 age group illustrated markedly higher SNS dominance [120].
Although to a lesser extent, females aged 35-50 also showed elevat-
ed stress responses (LF/HF: 3.229-3.365) compared to sedentary
individuals [120].
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Figure 9a: Mean LF/HF ratio versus age, with error bars, demonstrates a decline starting from age 45+ years in both men (left) and women (right)

aged 20-90 years.
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Figure 9b: Mean LF/HF ratio versus age shows a decline starting from age 45+ years in both men (left) and women (right) aged 20-90 years. The
male curve consistently lies above the female curve, indicating higher LF/HF ratios in males across all ages.

Table 7: Mean LF/HF ratio and standard deviation (SD) of male and female patients, across ages 20-90 years.

age sex # of patients Mean SD

20-25 male 2209 3.706 4.438
25-30 male 3718 4.528 5.827
30-35 male 6165 4702 7.096
35-40 male 7717 5.108 7.481
40-45 male 9916 5.356 7.98
45-50 male 12655 5.107 7.423
50-65 male 15691 4.657 6.767
60-70 male 37698 4.031 6.235
70-80 male 31124 3.137 4.942
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80-90 male 9311 2.422 3.493
20-25 female 3481 2.886 3.963
25-30 female 6102 3.172 4.88
30-35 female 9038 3.189 4.788
35-40 female 11283 3.365 5.352
40-45 female 14833 3.375 5.306
45-50 female 18124 3.229 5.025
50-65 female 22575 3.195 5.048
60-70 female 51089 2917 4564
70-80 female 43517 2.46 3.653
80-90 female 14283 2.066 2.794

Frequency-domain Metrics (LF, HF, LF/HF, Total Power) and
Impact of Alcohol Toxicity

Furthermore, individuals (n=34) under alcohol toxicity exhib-
ited a tripled LF/HF ratio (LF/HF: 6.7+4.1) compared to sedentary
individuals, indicating severe SNS dominance in these patients ex-

periencing physical stress (Table 8) [120]. This mirrors the general
adaptation syndrome described by Hans Selye, where any stressor,
regardless of its origin, triggers an increased sympathetic drive and
withdrawal of PNS activity [121]. Overall, females in this study ex-
hibited higher HRs and lower values for SDNN, LF, LF/HF ratio, and
total power at rest compared to males.

Table 8: The impact of individual conditions (toxicity, cancer, T2DM) on specific HRV metrics (mean and SD), with assessment of

sensitivity and specificity levels.

CONDITION SAMPLE (n) HRV METRIC MEAN SD SENSITIVITY SPECIFICITY
Alcohol Toxicity 34 LF/HF 6.7 4.1 70.9 88.8
Cancer 165 HR 41.2 9.8 72.4 70.5
T2DM 1,267 HR 42.1 10.3 76.6 74.7

Autonomic Tone Measured by HR versus Age

Conceptually, “autonomic tone” acts as a rheostat regulating
ANS divisions [50]. Figures 10a and 10b illustrate a decline in au-
tonomic tone with age, reflected particularly in the HR parameter.

The HR, a marker of autonomic tone, decreased with age in both
males and females across all age groups. Although the fall in HR
was comparable between females and males, females consistently
exhibited slightly higher HRs across all ages (Table 9).
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Figure 10a: Reduction in autonomic tone with age, depicted by declining average HR (bpm) in males (left) and females (right), aged 20-90 years,
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Figure 10b: Reduction in autonomic tone with age, depicted by declining average HR (bpm) in males (left) and females (right), aged 20-90 years,

with both curves demonstrating a parallel downward trend.

In cancer patients (n=165), autonomic tone resembled that of
individuals aged 80-90 years. Despite being at different stages of
disease progression, cancer patients exhibited a mean HR response
of 41.2+9.8 (Table 8), closely aligning with male patients aged 80-
90 (41.41+16.42). Similarly, T2DM patients (n=1267) showed a
mean HR of 42.1+10.3 (Table 8), also falling within the range of
both male (41.41+16.42) and female (43.01+£16.20) patients aged
80-90. Although comparable, the test demonstrated higher sensi-
tivity (Se: 76.6) and specificity (Sp: 74.7) for T2DM compared to
cancer (Se: 72.4, Sp: 70.5). On the other hand, the LF/HF ratio ex-
hibited very high specificity (88.8) for detecting alcohol toxicity,
with sensitivity (70.9) similar to the HR measure. Nevertheless, any
sensitivity or specificity score above 70% in a large cohort is con-

sidered significant.
Valsalva Maneuver versus Age

A Valsalva ratio value of 1.2 or higher in healthy individuals is
considered normal [1,33,99,108,122,123]. In contrast, a ratio be-
tween 1.1 and 1.2 is deemed borderline, and a ratio of 1.1 or low-
er is abnormal [33]. In the current study, male and female patients
aged 20-90 generally exhibited a healthy Valsalva ratio until reach-
ing 80-90 years old, where the ratios became borderline (Figure
11). With advancing age nearing a century, it is expected that the
ratio will drop below 1.2. Both sexes displayed the same age-de-
pendent decrease in the Valsalva ratio, but there was no marked
difference between the two curves.

Valsalva Ratio

Figure 11: The graph displays the Valsalva ratio of HR response to VM. Mean Valsalva ratio versus age shows a decline in both men (left) and
women (right) aged 20-90 years, with both curves demonstrating a similar downward trend.

In healthy women aged 20-80 years, Risk, et al. found that the
average ratio linearly decreases with age, ranging from approxi-
mately 2.1 to 1.4 [123]. Similarly, in men of the same age range, the
ratio decreases from about 2.1 to 1.3. This study observed a similar
age-dependent decline in both men (1.44 to 1.20) and women (1.40
to 1.20), consistent with Risk’s findings [123]. However, the par-
ticipants in Risk’s study began with a higher Valsalva ratio at age
20 [123]. Though not significant, Jha, et al. found that the Valsal-

va ratio tended to be higher in females (1.69 + 0.54) than in males
(1.59 + 0.39), both aged 18-25 years [108]. Nonetheless, the men
and women in the current study were relatively healthy based on
the Valsalva ratio [33]. Although men aged 20-25 initially showed
a higher ratio than their female counterparts, the decline does not
appear to be gender-dependent. The downward trend in the Val-
salva ratio between men and women is comparable, with the two
curves mirroring each other.
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Deep Breathing versus Age

As an index of cardiac parasympathetic activity, the expi-
ration-to-inspiration ratio (E/I ratio) is measured during deep
breathing at six respiratory cycles per minute [124]. The E/I ratio
is significantly influenced by the resting HR. Lower resting HR val-
ues result in higher E/I ratios, even if the HR response (RRmax -
RRmin) remains consistent. A HR response of 15 beats per minute
(bpm) or higher in healthy adults is considered normal, 10-15 bpm
is borderline, and less than 10 bpm is abnormal [1,33,125]. A typ-
ical resting HR during deep breathing should be below 100 bpm
[60,107]. Despite a decline with age, the mean E/I ratio observed
in this study in patients aged 80-90 was above 1.2 in both males
and females, suggesting their HR response is comparable to that of
young adults (Figure 12a). In young adults, the E/I ratio should be
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greater than 1.2 [1]. Smith, et al. demonstrated a decrease in the
average E/I ratio from 1.62 to 1.20 in healthy adults aged 16-70
years [126]. A decrease in the E/I ratio was observed from ages
20-90 years in this study, consistent with findings in healthy adults
aged 16-70 years in the study by Smith, et al. [126]. Males showed
a decrease from approximately ~1.45 to ~1.22, while females de-
creased from ~1.43 to ~1.23. In the youngest age group [20-25],
both males (E/I: ~1.45) and females (E/I: ~1.43) demonstrated E/I
ratios much higher than 1.2 (1). The curves for males and females
mirrored each other, showing a linear decline in HR response to
deep breathing, indicating that gender does not significantly impact
the HR response to deep breathing. In summary, the E/I ratio, and
consequently the HR response, are influenced by age but apparent-
ly not significantly by gender.

CeepBreathing EIRatio
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Figure 12a: The graph illustrates the E/l ratio of HR response to the DBT. Mean E/I ratio versus age shows a decline in both men (left) and women
(right) aged 20-90 years, with both curves demonstrating a parallel downward trend.
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Figure 12b: The graph illustrates the BP response to the DBT. Mean BP ratio versus age exhibits a decline starting from age 40+ years in males
(left) and 35+ in females (right), aged 20-90 years. The female curve consistently remains above the male curve, indicating higher BP ratios in

Additionally, males and females exhibited a similar-shaped BP
curve, trending downward from ages 20-90 (Figure 12b). Howev-
er, notable differences include: 1) females consistently had higher
BP across all ages, ranging from approximately -3.2 (aged 20-25)
to -5.6 (aged 80-90), compared to males who ranged from about
-5.0 to -7.5, and 2) BP peaked at approximately -1.9 (aged 35-40)

in females and -3.4 (aged 40-45) in males, after which both curves
declined.

BP regulation in the body is finely tuned by the ANS and car-
diac centers [127]. Parasympathetic dominance induced by slow
deep breathing reduces BP [127]. Garg, et al. supports the use of
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breathing exercises as an effective alternative method to control
BP [128]. They reported reductions in both systolic (SBP) and di-
astolic (DBP) blood pressure in patients performing breathing
exercises compared to control groups. Specifically, breathing ex-
ercises were found to significantly decrease SBP by -7.06 mm Hg
and DSP by -3.43 mm Hg in their meta-analysis. Additionally, these
exercises were associated with a significant reduction in HR by
-2.41 bpm. Bernardi, et al’s findings suggest that slow breathing
not only improves oxygen saturation and exercise tolerance, but
also enhances baroreflex sensitivity in both controls (from 9.4 to
13.8 ms/mm Hg) and chronic heart failure (CHF) patients (5.0 to
6.1 ms/mm Hg) [129]. The increase in baroreflex sensitivity was
observed specifically with slow breathing (6 breaths/min), not
with controlled breathing at a faster rate (15 breaths/min) similar
to normal breathing. This indicates that the effect is dependent on
the slower respiratory rate rather than simply the act of controlling
breathing frequency. Furthermore, the decrease in BP seen during
slow and deep breathing suggests that this effect is due to reduced
afterload, possibly stemming from decreased sympathetic activity,
rather than a decline in heart function. Overall, Bernardi’s findings
suggest multiple beneficial effects of slow breathing in CHF patients
[129]. Additionally, other commonly used HRV measures, such as
RMSSD or SDNN, may also be employed to characterize HRV magni-
tude during the deep breathing challenge.
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Tilt Table Test versus Age

The transition from supine to upright position alters autonomic
function, as reflected in HRV parameters. While the supine position
provides baseline HRV and HR during relaxed breathing, shifting to
an upright posture typically reduces parasympathetic activity. This
reduction is indicated by a decrease in the PNS index, which com-
pares an individual’s resting HRV to normal values in adults. Stan-
dard time-domain and frequency-domain HRV metrics, such as the
LF and HF components, assess changes in sympatho-vagal balance.

The 30:15 ratio relates to the HR dynamics after assuming an
upright position, characterized by an initial peak around the 15th
beat followed by relative bradycardia and a local minimum near the
30th beat [33]. This response is defined by the longest RR interval
near the 30th beat compared to the shortest near the 15th beat. In
healthy adults aged 16-69 years, an average 30:15 ratio of 1.29 is
typical, with values of 1.05 or higher considered normal [1,33,122].
In the current study, there is an age-dependent decline in the HR
response to tilting observed in both males and females, with males
showing a slightly higher 30:15 ratio (1.29 vs. 1.27 in females aged
20-25, and 1.19 vs. ~1.18 in females aged 80-90). Both curves are
similar, suggesting a comparable rate of decline in both sexes (Fig-
ures 13a).

Tilt - 30:15 Ratio

Figure 13a: The graph illustrates the 30:15 ratio of HR response to the TTT. Mean 30:15 ratio versus age shows a decline in both men (left) and
women (right) aged 20-90 years, with both curves demonstrating a parallel downward trend.
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Figure 13b: The graph illustrates the BP response to the TTT. Mean BP ratio versus age exhibits a decline starting from age 40+ years in males
(left) and 25+ in females (right), aged 20-90 years. The female curve consistently stays above the male curve, indicating higher BP ratios in females
across all ages.
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However, the BP ratio curves for males and females differ sig-
nificantly in shape and magnitude. For instance, the mean BP ratio
in females aged 20-25 is +1.75, which is much higher compared to
-0.60 in males (Figure 13b). Regardless of gender, an age-depen-
dent decline is observed in both sexes, with females exhibiting a
higher mean BP ratio of +0.75 at age 80-90 compared to -1.90 in
males. The BP ratio curve for females shows a notably higher shift
upward compared to males during tilting. This analysis under-
scores how transitioning from supine to upright position affects au-
tonomic function differently between genders, as observed through
distinct HR and BP responses.

After the Task Force Report, Nunan, et al. reviewed norma-
tive data from short-term HRV studies, as detailed in (Table 10)
(12,102,130). Their analysis covered 44 studies involving 21,438
healthy adult participants, encompassing three large populations
aged 40. All time-domain (SDNN, RMSSD) and frequency-domain
(LE, HE LF/H) results fell within normative ranges established from
several short-term normative studies listed in the table. However,
older age cohorts exhibited greater deviations from the normative
mean (SD). It is also possible that results from patient populations
in Medeia Inc’s study differed from normative values, such as RMS-
SD [42 vs. 31.69 (M) and 32.60 (F)] and HF [657 vs. 342 (M) and
412 (F)], due to distinct characteristics between healthy popula-
tions in normative studies and patients in Medeia Inc’s study. The
HRV measure ranges from the normative studies were broad, pos-
sibly reflecting differences in experimental conditions and subject
variables. Despite these deviations from the mean norms, all results
remained within normative ranges, suggesting normal autonomic
function (Table 10).

In clinical practice, autonomic tone serves as a critical marker
for cardiovascular health, integrating fundamental measurements
like HR and BP with dynamic assessments of HRV spectra. Under-
standing these dynamics is crucial for managing cardiovascular
risks and optimizing patient outcomes.

Discussion
HRV Limiting Factors

Understanding the contextual and subject-related variables is
essential for accurate interpretation of HRV measurements, as they
can significantly influence ANS activity, breathing patterns, and
emotional states captured by HRV analysis [102]. The interpretation
of HRV measurements hinges significantly on contextual factors re-
lated to recording conditions and subject variables. Factors such as
the length of the recording period, method of detection, sampling
frequency, artifact removal, respiration patterns, and the presence
of paced breathing are crucial. Subject variables such as age, sex,
HR, and health status also play a significant role. For instance, the
length of the recording period impacts both time-domain and fre-
quency-domain HRV measurements, with longer recordings gener-
ally showing increased HRV [131]. Comparisons between metrics
calculated from epochs of different lengths are inappropriate due
to these variations [12,132,133]. The choice of ECG or PPG methods
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can also affect HRV measures, with slight discrepancies observed
between them [134].

Artifacts in HRV data, such as missed or spurious beats, can
distort measurements significantly, affecting both time-domain and
frequency-domain result [135]. Techniques to handle artifacts in-
clude selecting artifact-free epochs or manually editing affected RR
intervals [136]. Proper sampling rates are crucial, with higher rates
necessary for specific conditions like low RR interval variability
[131,133,137].

Respiration patterns, including depth and rate, influence HRV
measures, with deeper breaths generally increasing HRV (138-
140). The E/I ratio during breathing also affects HRV metrics,
though the exact impact remains uncertain and varies based on
study conditions and participant characteristics [102].

Short-term HRV measured over 5 minutes (at rest) primarily
reflects ANS control, particularly vagal tone, and sinus atrial stretch
[141]. In contrast, 24-hour Holter ECG-derived HRV can be affected
by concurrent illnesses, medications, and lifestyle factors such as
exercise and stress, in addition to physiological factors [141]. HRV
serves as a reliable indicator for detecting autonomic dysfunction,
quantifying resting sympathetic and parasympathetic activity and
their balance [73]. It is assessed through time domain and frequen-
cy domain analyses of ECG recordings, making it a precise tool for
evaluating autonomic nerve function [75].

HRV time-domain and frequency-domain measurements exhib-
it age-related declines, as observed in the current study and studies
across various age groups [44,142]. Almeida-Santos, et al. reported
linear declines in SDNN with age, while RMSSD showed a U-shaped
pattern, decreasing from ages 40 to 60 and then increasing after
age 70 in a large cohort (n=1,743) [143]. A similar linear decline in
SDNN with age was observed in the current study, but the RMSSD
did not display a U-shaped pattern reflective of the sharp decrease
from 40 to 60 years old then increase thereafter. The differences in
the cohort characteristics, length of recording (long-term vs. short-
term) and sample size (n=1743 vs. n=328,591) may be the reason
for the U-shaped pattern.

A meta-analysis by Koenig et. al involving 296,247 healthy par-
ticipants highlighted gender differences in HRV, with women gener-
ally exhibiting higher mean HR and lower SDNN values compared to
men, especially in 24-hour studies [144]. With short-term record-
ings, patient sample (n=328,591) in this study also yielded simi-
lar results across the age spectrum (20 - 90 year old). Women also
showed lower LF and total power, but greater HF power, indicating
relative vagal dominance despite higher mean HR, whereas men
exhibited relative SNS dominance despite lower HR. Overall, this
study achieved similar results for the frequency-domain measures,
despite different sample characteristics (healthy vs. patients).

The phenomenon of cycle length dependence explains that fast-
er HRs reduce HRV by limiting the variability between successive
heartbeats, whereas slower HRs increase HRV by allowing more
variation in IBIs [43]. Elevated resting HRs (>90 bpm) are associ-
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ated with increased mortality risk [145]. Conversely, increased aer-
obic fitness is correlated with higher HRV time-domain measure-
ments, while decreased health generally correlates with reduced
HRV [146-149].

In summary, HRV time-domain and frequency-domain mea-
surements generally decline with age, vary by gender, are influ-
enced by HR, fitness level, and health status, and serve as valuable
indicators of autonomic function and health outcomes in both clin-
ical and research settings.

HRV Analysis in Diseased Conditions - T2DM

Autonomic cardiac dysregulation plays a crucial role in various
autonomic disorders such as diabetes, cancer, and alcohol toxicity.
HRV has been established as a predictor of morbidities and mortal-
ity, reflecting its utility in assessing autonomic imbalance and over-
all health status across diverse conditions.

CAN in diabetes refers to impaired autonomic control of the
cardiovascular system, predominantly affecting individuals with
diabetes, with a prevalence as high as 73% in T2DM, and up to 90%
in long-standing Type 1 diabetes [64,65,150]. Initially appearing
as subclinical stages with reduced parasympathetic control and
imbalanced sympatho-vagal activity, early signs include decreased
HRYV, detectable even in prediabetes [72,151]. Clinical CAN is diag-
nosed and assessed using five standard cardiovascular autonomic
reflex tests (CARTs), which are considered the gold standard for
CAN assessment: HR response to deep breathing, HR response to
standing, VM, BP response to standing, and BP response to sus-
tained handgrip [33,152]. Subclinical CAN is diagnosed based on
sensitive indicators like changes in HRV, baroreflex sensitivity, and
cardiac imaging showing increased left ventricular torsion [152].
Standard CARTs have limited sensitivity for detecting subclinical
CAN [152]. Early detection of subclinical CAN is crucial for timely
intervention on modifiable risk factors to prevent progression to
severe forms of CAN and associated cardiovascular complications
in diabetes [72,152].

Reduced HRV is an early sign of CAN in T2DM, indicating im-
paired sympathetic and parasympathetic activity before clinical
symptoms appear [153]. Benichou, et al. confirmed decreased HRV
across various variables in T2DM patients, reflecting reduced func-
tion of both ANS branches [97]. Benichou, et al. conducted a me-
ta-analysis involving 25 case-control studies with 2,932 patients
(1,356 with T2DM and 1,576 healthy controls), confirming de-
creased parasympathetic and sympathetic activities in T2DM pa-
tients [97]. They observed significant decreases in HRV parameters
such as SDNN, RMSSD, total power, LF, and HE, whereas LF/HF ratio
remains unchanged. The disease’s metabolic nature affects both
autonomic fiber types, although LF/HF ratio shows no significant
difference due to similar LF and HF component changes. Both sym-
pathetic and parasympathetic activities are diminished compared
to non-T2DM patients, attributed to adverse metabolic effects of
blood glucose levels on HRV [154]. Dyslipidemia and hypertension
exacerbate HRV decline in T2DM patients. T2DM’s impact on most
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HRV parameters underscores its role in cardiac autonomic dysfunc-
tion [155].

HRV is crucial for assessing CAN, often using Ewing’s standard
CARTs [33]. HRV measurement, considered one of the simplest and
most reliable methods, quantifies the variation between consecu-
tive heartbeats, with higher variability indicating greater parasym-
pathetic activity and adaptability to environmental changes [156].
Conversely, low HRV serves as a marker for increased cardiovas-
cular risk [157]. Despite various studies assessing HRV in T2DM,
results are conflicting [158-160]. There is no consensus on reduced
HRV levels in T2DM, despite its association with disease severity
[97,155].

Goit, et al. reported that in T2DM, parasympathetic activity
declines before sympathetic activity becomes affected [161]. The
study aimed to compare cardiovascular autonomic function tests
between 60 patients with type 2 diabetes mellitus (T2DM) and
30 controls. The results indicated that parasympathetic dysfunc-
tion was more pronounced than sympathetic dysfunction, which
may reflect the severity and progression of the disease. Contrary
to earlier beliefs, autonomic dysfunction can begin in the pre-di-
abetes stage and worsens with the progression to diabetes [162].
Hadad, et al’s cross-sectional study reveals that HbA1lc levels and
age independently correlate with parasympathetic tone in individ-
uals with pre-diabetes and well-controlled diabetes [163]. Partici-
pants with pre-diabetes and higher HbA1c levels exhibited higher
24-hour average HRs and lower SDNN, akin to elderly individuals
(80-90 years old) in this study [163]. Similarly, Medeia Inc’s current
study, too, showed the average HR of T2DM patients coincided with
the 80-90 year olds in the populations. Moreover, Hadad'’s results
implied comparable impacts on CAN from both age and elevated
HbA1c levels, suggestive of a cumulative effect of age and HbA1lc ex-
acerbating CAN effects [163]. While a causal relationship remains
unestablished, Hadad’s study supports the notion that both age and
hyperglycemia significantly influence parasympathetic tone [163].

Geijselaers, et al. demonstrated that diabetes correlates with
impaired cognitive function, primarily influenced by hyperglyce-
mia [164]. The study aimed to assess how differences in cognitive
performance between individuals with varying glucose metabolism
statuses could be attributed to hyperglycemia, insulin resistance,
and BP-related factors. Using cross-sectional data from 2,531 par-
ticipants (n=666 with T2DM), cognitive performance was evalu-
ated using a neuropsychological test battery. Results showed that
compared to individuals with normal glucose metabolism, those
with type 2 diabetes exhibited poorer performance across all cog-
nitive domains (memory, processing speed, executive function, and
attention). Differences in processing speed and executive function
were largely explained by hyperglycemia, and partially by blood BP
variables for processing speed, but not by insulin resistance. The
study suggests that early management of glycemic and BP control,
even during the prediabetic stage, could potentially mitigate diabe-
tes-related declines in cognitive function. Moreover, reduced para-
sympathetic tone contributes to increased inflammatory responses
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and elevated resting HRs, a hallmark of diabetes and a cardiovascu-
lar disease risk factor [165,166]. Overall, in individuals with diabe-
tes and pre-diabetes, increasing HbA1lc levels and age are critical
factors associated with impaired parasympathetic function.

Age and male gender are associated with decreased sympa-
thetic and parasympathetic activities, as well as reduced LF and HF
components, although their influence on HRV parameters is less
pronounced compared to T2DM-specific variables [95-97,111,167].
Studies utilizing short-term and 24-hour ECG recordings con-
sistently demonstrate reduced HRV in these conditions [153]. In
patients at increased risk for diabetes, reduced HRV compared to
healthy controls worsens with increasing diabetes risk, even pro-
gressing further with chronic complications [168]. This reduction
in HRV parameters reflects impaired parasympathetic and sympa-
thetic activity, whether or not clinical signs of diabetes autonomic
neuropathy are present. While no standard reference values exist
for diagnosing CAN using HRV variables, Breder and Sposito pro-
pose criteria based on abnormal results in at least two of the follow-
ing parameters derived from 24-hour Holter ECG recordings: SDNN
< 50 ms, RMSDD < 15 ms, PNN50 < 0.75%, LF < 300 ms2, and HF
< 300 ms? [141,169]. Triverdi, et al. suggest that T2DM is a contin-
uum, with studies consistently demonstrating impaired HRV from
stress through to T2D, highlighting its role as a marker of stress-in-
duced ANS imbalance and chronic disease [153]. Understanding
the correlation between HRV and risk factors contributing to T2DM
complications is crucial for further exploration and management
strategies.

HRV Analysis in Diseased Conditions - Cancer

Other prevalent conditions such as depression, schizophrenia,
multiple sclerosis, and cancer also correlate with reduced para-
sympathetic and increased sympathetic activities, as adaptation to
stress heavily involves the ANS [5,6,170,171]. Indices like E/I ratio
indicate efferent parasympathetic nerve damage, while SDNN re-
flects overall sympathetic and parasympathetic activity [172-174].
Bijoor, et al. found that resting HR (74.02+7.23 vs. 80.49£9.46 bpm)
and E/I ratio (1.113%0.061 vs. 1.39+0.16) were significantly lower
in cancer patients compared to controls, while no statistical signifi-
cance was found between the two groups for SDNN [175]. This sug-
gests reduced vagally mediated parasympathetic activity in cancer
patients, although SDNN did not differ significantly between groups.
Compared to young healthy adults, whose E/I ratio should be above
1.2 as mentioned in the Results section, the E/I ratio (1.113+0.061)
observed in cancer patients is considered relatively low, indicating
poorer health. Thus, impaired cardiovascular parasympathetic con-
trol may characterize cancer patients compared to healthy subjects,
emphasizing the role of E/I ratio and resting HR as key indices in
assessing autonomic function in cancer.

Ben-David’s study, involving 798 patients, investigated HRV
as an indicator of ANS dysfunction in cancer patients [176]. It re-
vealed that cancer patients exhibit significantly reduced HRV met-
rics (SDNN and RMSSD) compared to non-cancer controls in cases
of breast, gastrointestinal, genitourinary, or respiratory cancers.
Moreover, the HRV metrics declined progressively with disease
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advancement across all cancer stages, independent of common
co-morbidities such as cardiovascular diseases, diabetes, and obe-
sity [176]. Non-cancer patients consistently demonstrated higher
HRV metrics, including RMSSD (11.1 to 13.9 ms) and SDNN (22.8
to 27.7 ms), compared to those with stage I or I cancer. In contrast,
patients with stage III and IV cancer exhibited even lower HRV
metrics: HR reductions of -11.8 to -14.0 bpm, increases in RMSSD
of +31.7 to +32.8 ms, and higher SDNN values of +45.2 to +45.8
ms. Specifically, individuals with stages I and II cancer had HRs of
69.9+5.5 and 82.4+5.9 bpm, RMSSDs of 40.0+5.5 and 26.4+5.5 ms,
and SDNNs of 43.8 + 5.8 and 30.1 + 5.9 ms, respectively. In contrast,
patients with advanced cancer (stages IIl and IV) exhibited elevated
HRs of 81.3 #+ 4.4 and 88.1 + 3.5 bpm, and reduced RMSSD values
of 15.9 + 2.9 and 9.4 + 2.7 ms, and SDNN values of 20.5 + 2.8 and
14.7 £ 2.5 ms, respectively. On average, non-cancer patients had
HRs of 71.2 + 8.1 bpm, rMSSD of 45.6 + 7.9 ms, and SDNN of 63.0 +
11.1 ms. Ben-David’s study illustrates a reduced HRV pattern that
persisted across cancer stages (I-1V) and locations, suggesting HRV
could serve as a non-invasive marker for cancer detection and stag-
ing. The study underscores the need for further research to explore
HRV variations across demographics.

Early detection through screening is crucial for improving can-
cer survival rates, yet current methods often involve burdensome
preparation or discomfort, deterring adherence [177-183]. Previ-
ous studies have consistently reported lower HRV in various can-
cers, suggesting dysregulation of the SNS and PNS may influence
cancer progression and prognosis [79,92,184-187]. Torres-Juarez,
et al. highlight the ongoing debate and accumulating evidence sug-
gesting that nerve activity modulation may disrupt cellular and
tissue homeostasis, thereby promoting cancer progression [188].
Additionally, higher HRV has been associated with improved overall
survival in cancer patients, contrasting findings that suggest its lim-
ited prognostic value in advanced stages [92,189-191]. Advanced
stages of cancer are associated with exacerbated sympathetic drive,
potentially promoting tumor growth and metastasis [192,193].
Overall, increasing HR and decreasing HRV metrics with increasing
cancer stage, reflecting heightened autonomic disturbance and po-
tentially impacting patient outcomes [92,187]. Further research is
needed to clarify HRV’s utility in cancer prognosis and its potential
mechanisms in tumor progression.

Chemotherapy studies using both short-duration and 24-hour
recordings have consistently reported exhibit altered ANS func-
tion, as evidenced by diminished HRV [194,195]. However, HRV
measurements can be influenced by immediate stressors such as
medical consultations, potentially skewing results [79]. Short-term
ECG measurements during stressful situations may not reflect
a patient’s typical HRV patterns, although high HRV in such con-
texts could indicate resilience. To mitigate these issues, the review
recommends using 24-hour Holter ECG for more accurate HRV as-
sessments in cancer patients. Regarding chemotherapy, specifically
vincristine, doxorubicin, and certain combination therapies have
been linked to reduced HRV, while findings regarding paclitaxel
have been mixed, with some studies indicating reduced variabili-
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ty and others showing no significant change [195-199]. Contrary
to some reports suggesting chemotherapy-induced attenuation of
HRV, Adams, et al. found no significant changes in parasympathet-
ic activity based on short-term HRV analysis during rest periods
before tilt tests [200]. This aligns with the idea that acute changes
induced by chemotherapy may be subtle and harder to detect with
short-term recordings compared to 24-hour monitoring [199]. In
addition to HRV, aberrant BP pressure variability and maladap-
tive orthostatic responses have been observed in patients treated
with paclitaxel, taxanes, vinca alkaloids, and cisplatin [201-204].
These drugs appear to affect both HR and BP regulation, highlight-
ing broader impacts on autonomic function. Overall, chemothera-
py treatments appear to disrupt ANS balance, potentially shifting
towards sympathetic dominance, which could lead to chronically
higher metabolic rates and physiological stress, impacting overall
patient health and well-being [205,206]. While HRV shows promise
in diabetic neuropathy assessment and athlete fitness evaluation,
its role as an independent prognostic tool in cancer, particularly in
advanced stages, remains debated [94,146,207-210]. Further re-
search is needed to clarify HRV’s correlation with cancer prognosis,
exploring whether enhanced coping abilities contribute to better
outcomes.

HRV Analysis in Diseased Conditions - Alcohol Toxicity

The decline in autonomic nervous system (ANS) function with
age and its susceptibility to existing comorbidities are well-docu-
mented [211]. Medications can also influence ANS and cardiovascu-
lar reflex responses, potentially confounding study outcomes. Using
short-term HRV recordings in 55 AD adults aged 20-55, results by
Muthuswamy, et al. showed significantly reduced HF, a marker of
parasympathetic activity, and increased LF, indicating sympathetic
dominance, in the AD group [60]. The LF/HF ratio, reflecting sym-
pathetic-vagal balance, was also elevated in AD individuals. These
findings suggest alcohol-induced cardiac autonomic dysfunction
with diminished parasympathetic activity and heightened sympa-
thetic activity. The study concludes that HRV in the frequency do-
main offers a non-invasive method to assess autonomic dysfunction
in AD patients. In health, the intrinsic HR ranges from 100 to 120
beats per minute (bpm), while the resting HR typically ranges from
60 to 90 bpm, regulated by a balance between sympathetic (which
accelerates HR) and parasympathetic dominance (which slows
HR), with the vagus nerve playing a key role in HR control [12,212].
In AD, both sympathetic and parasympathetic nerve fibers suffer
functional and structural damage, contributing to impaired cardiac
autonomic function [213,214].

The study conducted by Muthuswamy, et al. revealed signif-
icant differences in HRV parameters between AD individuals and
non-AD controls [60]. Specifically, they found that HF values were
158.13+134.99 in the AD group and 197.16+42.29 in the non-AD,
indicating a statistically significant decrease in HF among AD indi-
viduals. This suggests reduced parasympathetic tone in alcoholics.
Regarding LF, which represents sympathetic activity, the study not-
ed increased values of 398.27+345.15 in the AD group compared
to 121.22+31.27 in the non-AD group. This difference was highly
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significant, indicating heightened sympathetic tone in AD individu-
als. Similarly, the LF/HF ratio showed a substantial increase in the
AD group (3.61£1.15) compared to the non-AD group (0.62+0.15).
The LF/HF ratio for the AD group in the current study was high-
er than that in Muthuswamy’s short-term HRV study (6.7+4.1
vs. 3.61£1.15), potentially due to differences in experimental
conditions and subject variables. Multiple studies corroborated
these findings of reduced HF or increased LF and elevated LF/
HF [63,215-217]. Kumar, et al. found similar results of reduced HF
and increased LF/HF ratio, indicating diminished parasympathet-
ic activity and potentially increased sympathetic tone [219]. Pop,
et al. highlighted reduced HF and trends towards elevated LF and
LF/HF ratio in association with increased alcohol intake, linking
these changes to alcoholic cardiomyopathy and associated cardiac
complications [62]. Contrastingly, using 24-hour ECG recording in
women subjects, Jansky, et al. found no correlation between alcohol
consumption and HRV indices in a cohort study, which differs from
the findings of the present study and others suggesting alcohol’s
impact on autonomic balance [220]. Not surprisingly, contextual
factors matter for HRV metrics, analysis, and interpretation, as well
as the comparison of studies. Nonetheless, all these studies point to
an imbalance that denotes sympathetic hyperactivity and impaired
parasympathetic activity in the AD group, highlighting an autonom-
ic imbalance favoring sympathetic over parasympathetic activity
on the heart.

Overall, these studies and the current findings support the no-
tion that alcohol disrupts ANS balance, characterized by reduced
parasympathetic activity, increased sympathetic tone, and altered
HRV parameters. Early detection of these changes through HRV
analysis could aid in clinical interventions, including detoxification
and rehabilitation, potentially mitigating the progression of alco-
hol-related cardiac dysfunction and reducing the risk of sudden
cardiac events. Thus, using short-term (5 min) HRV recordings to
aid in diagnosis and prognosis, HRV analysis in clinical practice
serves as a valuable non-invasive tool for routinely assessing auto-
nomic neuropathy and cardiac risk in individuals with AD, cancer
and T2DM, as well as other chronic diseases.

Conclusion

The study of HRV across various health conditions highlights
its significance in diagnosing and managing autonomic dysfunction,
particularly in conditions such as T2DM and cancer. HRV parame-
ters provide insights into the dynamic balance between sympathet-
ic and parasympathetic activity, offering valuable prognostic infor-
mation in cardiovascular diseases and potential cancer screening.
Medeia Inc’s ultimate goal is to expand its clinical patient databases
to integrate HRV as a diagnostic and prognostic biomarker of car-
diovascular health in both normal and diseased individuals. Future
research should focus on elucidating HRV patterns among differ-
ent demographics and integrating HRV with other physiological
metrics for comprehensive diagnostic and therapeutic strategies.
Enhancing HRV measurement methodologies and accessibility can
improve early detection and personalized treatment, ultimately en-
hancing patient outcomes across diverse health conditions.
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