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Abstract

Sinus tachycardia (ST) is ubiquitous but its presence outside of normal physiological triggers in
otherwise healthy individuals remains a commonly encountered phenomenon in medical practice.
In many cases, ST can be readily explained by a current medical condition that precipitates

an increase in the sinus rate, but ST at rest without physiological triggers may also represent

a spectrum of normal. In other cases, ST may not have an easily explainable cause but may
represent serious underlying pathology and can be associated with intolerable symptoms. The
classification of ST, consideration of possible etiologies, as well as the decisions of when and
how to intervene can be difficult. ST can be classified as secondary to a specific, usually
treatable, medical condition (e.g. pulmonary embolism, anemia, infection, or hyperthyroidism)
or be related to several incompletely-defined conditions (e.g. inappropriate sinus tachycardia,
postural tachycardia syndrome, mast cell disorder, or post-COVID syndrome). While cardiologists
and cardiac electrophysiologists often evaluate patients with symptoms associated with persistent
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or paroxysmal ST, an optimal approach remains uncertain. Due to the many possible conditions
associated with ST, and an overlap in medical specialists who see these patients, the inclusion of
experts in different fields is essential for a more comprehensive understanding. This manuscript is
unique in that it was composed by international experts in Neurology, Psychology, Autonomic
Medicine, Allergy and Immunology, Exercise Physiology, Pulmonology and Critical Care
Medicine, Endocrinology, Cardiology, and Cardiac Electrophysiology in the hope that it will
facilitate a more complete understanding and thereby result in the better care of patients with ST.

Keywords

sinus tachycardia; postural orthostatic tachycardia syndrome; inappropriate sinus tachycardia;
autonomic dysfunction

Introduction

Despite the frequency of sinus tachycardia and the wide range of clinical presentations,
no controlled clinical trials or evidence-based guidelines currently provide direction for
initial, appropriate management. Due to the many possible conditions associated with sinus
tachycardia, and an overlap in medical specialists who see these patients, the inclusion of
experts in different fields is essential for a comprehensive manuscript. The international
experts chosen to author this manuscript were selected not only for their expertise in

their respective fields, but also to represent the wide range of knowledge from specialties
including Neurology, Psychology, Allergy & Immunology, Pulmonology & Critical Care,
Endocrinology, Exercise Physiology, Cardiology, and Cardiac Electrophysiology with the
goal of creating a “first of its kind” comprehensive multidisciplinary manuscript on sinus
tachycardia.

As described here, sinus tachycardia represents a spectrum of problems from a normal
variant to a chronic ongoing autonomic condition to an underlying inflammatory or
infectious process, among others. Sinus tachycardia may be the cause for adverse outcomes
or associated with symptoms; alternatively, it may be a solitary, singular nonspecific
“barometer” of one of a multitude of underlying problems. Thus, the initial assessment
requires a careful evaluation of the clinical presentation, the length and frequency as

well as the intermittent nature of sinus tachycardia and its potential triggers, and careful
consideration of one of a number of medical issues described here before attempting to
focus specifically on “treatment” of the sinus tachycardia itself (Figure 1).

Sinus tachycardia is the most common arrhythmia. However, it can be a normal,
physiologically beneficial, response to physical and psychological stresses driven by
an increase in sympathetic activation, circulating catecholamines, and/or a decrease in
parasympathetic tone.! Like fever, sinus tachycardia can be an appropriate response to
illness and various disease states and is thus a non-specific clinical sign. While sinus
tachycardia is an often expected and normal physiological response, it can exist in the
absence of evident intrinsic or extrinsic causes. As such, sinus tachycardia can pose

a diagnostic challenge and be a clinical conundrum difficult for electrophysiologists to
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manage. Differentiating “appropriate” sinus tachycardia from the underpinnings of an
ongoing medical problem, an autonomic disturbance, or a channelopathy can be difficult.

For some individuals, sinus tachycardia can be associated with debilitating symptoms
affecting functionality, quality of life and well-being, but the relationship of symptoms

to tachycardia often remains obscure. This concern is potentiated by population-based
studies indicating that baseline heart rate elevations are associated with increased risk of
cardiovascular disease, heart failure, cancer, and mortality.2=> Clinicians are thus faced with
the reality that sinus tachycardia, though often physiologic, may be neither benign nor
clinically insignificant.

Here, we first define sinus tachycardia and outline its epidemiology, then deconstruct

sinus tachycardia by delineating possible mechanisms and propose a practical clinical
classification. We consider an initial and subsequent in-depth evaluation of sinus tachycardia
to help formulate management strategies with interventions that may improve outcomes
based on available evidence.

Definition and Epidemiology

“Tachycardia” carries a textbook definition of a sinus rate >100 bpm.6 However, the
recognition of sinus tachycardia is dependent upon what the true “normal” rate is in

the general population. The concept that a “normal rate” must be 60-100 bpm is, by

most accounts, a construct “for convenience and for uniformity”” as determined by expert
consensus.8 Data influencing this consensus arose from published reports of heart-rate
distributions indicating a bell-shaped curve with a rightward skew. One of the earliest
published reports of heart rate distributions was a 1940s study of 1000 young aviators
showing that heart rates within two standard deviations from the mean ranged from 40-85
bpm for males aged 20-30 and 50-100 bpm for males aged 30-40°. Spodick et al., studying
500 asymptomatic healthy adults above age 50, reported the two standard deviations upper
limit of heart rates was 93 and 95 bpm for men and women, respectively.10

Contemporary studies of mixed gender confirm this bell-shaped pattern while also showing
a clear inflection point of the distribution skew at 85-90 bpm.11 Heart rates above the
standard definition of normal are common across large populations with higher heart rates
in women compared to men and this can vary by age.12 The percentage of heart rates above
90-100 bpm in population studies ranges from 2.1 to 4.6%.11:13-15 |n a large French study
of 19,386 healthy subjects (12,123 men) aged 40-69, 3.3% of men and 4.6% of women

had rates >100 bpm.13 In a middle-aged Norwegian population of 24,489 subjects (11,773
men), 2.1% of men and 3.2% of women had heart rates >100 bpm.1® The significance of
these findings is not fully delineated, as this contains a mixture of patients with and without
symptomatology. From (or in spite of) these descriptions, the “normal rate” continues to be
attributed to heart rates below 100 bpm.

This description of “normal rate” is overly simplistic and fails to capture attenuation
of resting heart rates as people age, gender differences and other influences. “Intrinsic”
(denervated) heart rate studies provide insights into these effects. Chemical and surgical
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denervation unmask the intrinsic rate of the sinus node, resulting in an increase in the resting
heart rate to around 90 bpm and above 16-19, |n a 1970°s study of chemical denervation
(atropine and beta-blockade) in 432 subjects, there was a progressive decrease in the mean
intrinsic heart rate with increasing age. The mean rate for those aged 18-30 was >100 bpm
and decreased to <100 bpm for those over age 45. Nevertheless, sinus rates still exceeded
100 bpm in >15% of those over age 45.18

These findings raise the question of whether a resting sinus rate >100 bpm is abnormal.

The vast majority of patients with sinus tachycardia are asymptomatic. On the other hand,
numerous population-based studies indicate that baseline heart rate elevations are associated
with increased risk of incident heart disease, cerebrovascular disease, and death.2-5:20-22

In a Norwegian study of 379,843 subjects, there was a positive association between heart
rate and all-cause mortality, cardiovascular death, ischemic heart disease, and strokes, but
these associations were significantly reduced in an adjusted analysis suggesting that heart
rate was not associated independently.23 In the Henry Ford Exercise Test Project, men with a
resting heart rate >90 bpm had an increased risk for mortality even after adjusting for fitness
(HR 1.22, 95% CI 1.10 - 1.35). There was no association with mortality in women, nor in
individuals for cardiovascular events, myocardial infarction after adjustment for fitness.24 In
contrast, in the FINRISK study, there was an independent relationship between resting heart
rate and cardiovascular disease in both men and women (HR men 1.19 [95% CI 1.11-1.28],
HR women 1.21 [95% CI 1.09-1.34]), though adjustment attenuated the cardiovascular risk
relationship.2® In the ARIC study, time updated increases in heart rate (5 bpm increase from
the preceding visit) were associated with increased risk of death (1.12; 95% CI, 1.10-1.15;
P<0.001). There was also a 9% higher risk of myocardial infarction (95% CI, 4%-13%) and
a 6% higher risk of stroke (95% CI, 1%-11%).22

Despite these mixed findings, in a meta-analysis of the large population studies, significant
increases in relative risk (RR) per 10 bpm increase in resting heart rate were seen with
coronary heart disease (RR 1.07, 95% CI: 1.05-1.10), sudden cardiac death (RR 1.09, 95%
Cl: 1.00-1.18), heart failure (RR 1.18, 95% CI: 1.10-1.27), total stroke (RR 1.06, 95% CI:
1.02-1.10), total cancer (RR 1.14, 95% CI: 1.06-1.23) and all-cause mortality (RR 1.17,
95% Cl: 1.14-1.19).2 Whether elevation in resting heart rate predicts future disease or is

a manifestation of underlying sub-clinical pathology has not yet been defined fully, though
all data point to the fact that patients with a faster heart rates are at higher risk of adverse
outcomes.

For patients with underlying heart disease, including active ischemic heart disease and

heart failure, sinus tachycardia is associated with an increased risk of morbidity and
mortality. Post-myocardial infarction, a statistically significant relationship between heart
rate reduction and mortality has been demonstrated consistently. In a meta-analysis of beta-
blocker and calcium channel antagonist trials in post-myocardial infarction patients, each 10
bpm reduction in heart rate was associated with 30% reduction in relative risk of cardiac
death(P<0.001).26 Similar findings have been seen in heart failure trials. In the INTRINSIC
RV trial, each increase in the mean heart rate by 10 bpm was associated with a hazard ratio
of 1.34 (p<0.0001, 95% CI 1.19-1.50). Significantly, 20.9% of patients with a mean HR
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of >90 bpm experienced heart failure hospitalization or death versus 5.9% of patients with
heart rates <75 bpm (p <0.0001)27. These data were confirmed in a Portuguese study of 718
patients with heart failure showing that patients with a resting heart rate >70 bpm had a 51%
higher risk of death, transplant or ventricular assist device implantation compared to those
with a heart rate <70 bpm (HR 1.51, 95% CI 1.95-2.17).28

Insights into whether this increased heart rate is a marker of increased disease or a direct
mediator has been offered by the SHIFT trial. In this trial, ivabradine given to lower the
heart rate was associated with a reduction in the composite endpoint of cardiovascular death
or heart failure hospitalization (HR 0.82, 95% CI 0.75-0.90). The subgroup of patients
with a heart rate >87 bpm had the greatest reduction in heart rate with ivabradine and the
largest reduction in the composite endpoint (HR 0.75, 95% CI 0.67-0.85). This subgroup
analysis showed that ivabradine had little effect in patients with baseline heart rates <75
bpm, suggesting that the benefit of ivabradine in these patients is the result of heart rate
reduction and not another secondary effect.2? This same finding of a direct benefit from
heart rate attenuation was shown in a meta-analysis of beta-blocker use in heart failure
trials.30 These data support the contention that rapid heart rates are directly deleterious in
patients with underlying heart disease.

Symptomatic sinus tachycardia syndromes are rare and are represented by Postural
Orthostatic Tachycardia Syndrome (POTS) and Inappropriate Sinus Tachycardia (IST).
POTS has been shown to have a prevalence of 0.2% in cohort studies3133 and
predominately affects females at a 5:1 ratio.31:34-36 The vast majority are young, with

a mean age of presentation between 15-3034:36. The prevalence of IST has been much

less well defined. The only estimate of prevalence to date is the OPERA (Oulu Project
Elucidating Risk of Atherosclerosis) study that identified an IST prevalence of 1.16%,
though this group included symptomatic and asymptomatic patients. In that study, 57% of
IST patients were female with a mean age of 47.11 This study failed to capture, by design,
the population of IST patients most often seen in clinic (that is, young patients in their 20s),
and, as such, gives only limited insight into this disease. At the same time, though IST

is commonly attributed to the young, it can affect elderly patients.3” Given the paucity of
investigations and data, the true prevalence and natural history of patients with IST remains
uncertain.

Classification

Sinus tachycardia can be a normal physiological response to internal and/or external stresses
but is excessive when unnecessary physiologically or when exceeding normal bounds.
However, there is a wide variation in baseline heart rates by age, sex, mental/emotional

state and physical status. Sinus tachycardia rarely sustains for prolonged periods of time but,
if it does, it is likely that there is some pathophysiological underpinning.

Sinus tachycardia is due to rapid activation of the sinus node produced by a multiplicity

of interrelated channels, and receptors (Figure 2). Two main regulating currents are the
“calcium clock” and the I¢ (“funny”) current.38 Autonomic influences modulate the intrinsic
rate and sympathetic activation or parasympathetic inhibition3® can cause sinus tachycardia.
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Thus, sinus tachycardia may be due to tonic, or phasic, changes in the autonomic nervous
system, circulating neurohormones or due to an underlying pathology of regulating currents
of the sinus node.

Concerning classification, several questions should be addressed: Is sinus tachycardia a
normal physiological response or due to an underlying disorder? What is the pattern of sinus
tachycardia presentation? What is the reproducibility and circumstances under which sinus
tachycardia occurs? Which symptoms can be attributed to this condition?

Of great importance, is assessment of the relationship of sinus tachycardia to potentially
causal circumstances and to its relationship to other commonly observed hemodynamic
quantities, such as, blood pressure shifts and respirations. Sinus tachycardia that persists
and increases may indicate congestive heart failure, or an evolving underlying infectious
or inflammatory condition. Mast cell disorder may present with paroxysms of sinus
tachycardia.? Triggers may be cause for only transient fluctuations in sinus rate including
anemia, and pulmonary embolus.

We propose a classification to help determine etiology and, potentially mechanism of sinus
tachycardia including physiological sinus tachycardia, pathological sinus tachycardia, sinus
node reentry tachycardia (SNRT) (rare), inappropriate sinus tachycardia (IST) and postural
orthostatic tachycardia syndrome (POTS) (Figure 3) (Table 1).

Further, we recommend a temporal pattern/episode duration-based classification of sinus
tachycardia including new-onset (sudden or gradual), persistent (with/without exacerbation,
with/without circadian variation), and paroxysmal (reproducible or sporadic exacerbations)
forms (Table 2).

For new-onset sinus tachycardia, a precipitant is likely. Precipitants include well-defined and
detectable clinical conditions: dehydration, hyperthyroidism, hemorrhage, iron deficiency
anemia, hypoxia, hypocapnia?!, pulmonary embolus, heart failure, trauma, inflammatory
state? or infection. For persistent sinus tachycardia, without obvious explanatory trigger,
and associated symptoms, such as, deconditioning, consider IST. However, an occult tumor,
infection, or underlying cardiovascular disease are possible and should be excluded.

Sinus tachycardia can present with variations in heart rate with rest, sleep and exercise in
one of several patterns.*3

Reproducible paroxysms of sinus tachycardia with position may be due to a form of
orthostatic intolerance (as seen with POTS and OH). Such causal factors have been found
in some but not all patients with the often regarded “idiopathic tachycardias”: POTS and
IST. Common temporal presentations include recurrent episodes of sinus tachycardia that
occur in a pattern consistent with orthostatic positional changes in the case of POTS, and
reproducible and often consistent sinus tachycardia at rest, or with minimal disturbance in
the case of IST, for which, several clinical presentations have been described. These clinical
presentations include persistent elevation in heart rate, spikes in heart rate with minimal
activity and heart rate changes with and without exercise.

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2023 September 08.
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It should be kept in mind that sinus tachycardia paroxysms may be due to anxiety as in
panic disorder#* (epinephrine-mediated), norepinephrine reuptake inhibition#® (a very rare
condition; norepinephrine-mediated) or drug intake (e.g. beta-agonists in asthma). Further,
sporadic changes in heart rate may be present under conditions of physical or mental stress,
and due to sleep disorders or are due to ingestion of stimulant drugs.

Heart Rhythm Monitoring for Sinus Tachycardia

Technological innovations embrace a variety of options to facilitate accurate data collection
over select time intervals using a multiplicity of leads potentially to better understand if a
tachycardia is indeed sinus tachycardia and to better capture the relationship to activities and
symptoms. 46 Conventional diagnostic methods including ambulatory ECG devices (with
continuous or intermittent recording abilities) and implantable loop recorders (allowing
continuous, long-term ECG monitoring and recording of ECG information either on demand
or when an event is sensed by an automated algorithm) are complemented by mobile health
technologies, enabling users to monitor, collect and share physiological multiparametric
data, including photoplethysmographic and accelerometry-derived parameters.

Selection of an appropriate tool to investigate sinus tachycardia is guided by clinical
evaluation. Effective monitoring can provide accurate characterization of the mode and
rapidity of onset and offset, duration and temporal patterns in relation to symptoms and
activities, and a relationship to position, exercise and other clinical circumstances (e.g.,
hypoglycemia). The most appropriate method of monitoring must consider the expected
frequency of symptoms (daily, weekly, monthly, or more sporadic), diagnostic power,
accuracy, reproducibility, discrimination of arrhythmia types, and risk stratification accuracy,
with consideration about cost-effectiveness, patient acceptance, degree of automaticity, local
availability, and investigator’s experience.*’

Documentation that a tachycardia is indeed sinus tachycardia becomes the first step in
evaluation but discrimination of non-sinus tachycardias from sinus tachycardia involves
more than careful scrutiny of the P-wave morphology. Analysis of mode of onset and
termination (abrupt versus gradual), detection of premature atrial complexes at the initiation
or termination of tachycardia, temporal patterns of sinus tachycardia (new-onset, paroxysmal
or persistent) (Table 1), circadian profile of heart rate and its variability, correlation between
patient symptoms and burden of sinus tachycardia, and relationship with exercise and patient
position, are indeed important clues captured by ECG monitoring. A 24 hour or 48 hour
Holter ECG monitoring can reveal short and frequent episodes of sinus tachycardia, or
IST.48

IST is less affected by rest and can be difficult to distinguish from for instance
deconditioning which may also show rapid rise in sinus rates with minimal activity. Further,
IST may present with various patterns, and at least two distinct populations can be identified
based on diurnal heart rate variation which may be useful to classify pathophysiology

and ideally provide guidance to specific treatment. An exaggerated increase in heart rate
during the morning, might reflect dysfunction extrinsic to the sinus node due to excessive
adrenergic surge or hypersensitivity.*3
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The 2015 Heart Rhythm Society Expert Consensus Statement gives a class 11b
recommendation for 24-hour Holter monitor, exercise testing, autonomic and tilt table
testing for confirmation of both IST and POTS diagnosis.*? The 2020 Canadian
Cardiovascular Society Position Statement on POTS does not recommend the routine use
of ECG monitoring although it may be considered to rule out POTS-mimicking conditions
(Strong Recommendation, Moderate-Quality Evidence).50

New wearable systems, incorporating specific sensors that acquire biological parameters,
besides ECG signals, such as, respiratory frequency, peripheral oxygen saturation, arterial
pulse pressure, physical activity, position and others, are transforming conventional ECG
monitoring systems into “ambulatory polygraphic monitoring”. It is noteworthy that,
despite widespread clinical use, there is a surprising lack of research about ECG monitoring
data and very little evidence about established reference ranges for common arrhythmias
(including sinus node related tachycardias), as well as their prognostic significance and
gender differences.52:53 Importantly, although Holter and event monitoring, implantable loop
recorders and smart-watches, are widely used, we have no databank of normal monitoring
to compare against and to determine how much abrupt change in heart rate or even sinus
tachycardia can be considered within the normal range and may be dependent upon features
unrelated to any specific underlying clinical circumstance, autonomic disorder or medical
condition.

Autonomic Regulation

The cardiac autonomic nervous system exerts exquisite control over the richly innervated
sinoatrial node (Figure 2).5455 Stress to the cardiovascular system may result, via a

complex hierarchy of interacting feedback loops in the cardiac neuraxis, to physiologic sinus
tachycardia to increase cardiac output. It is the baroreceptors that detect a decreasing BP
sending signals afferently to the nucleus tractus solitarious, nucleus ambiguous and caudal
ventrolateral medulla. Efferent signals back to the sinoatrial node via the vagus nerve are the
pathway to sinus tachycardia. This may be more than a reflexive physiologic tachycardia.

This occurs in volume depletion, infection, pregnancy, heart failure or circulatory or
hemorrhagic shock, or in an exaggerated response, as in POTS. In the case of IST,
while elevated sinus node automaticity is believed by some to contribute>>:26, impaired
sympathovagal balance has also been associated with the disorder>®.

The contribution of autonomic balance to IST has been evaluated in studies of patients

with IST. These studies demonstrated, through pharmacologic autonomic blockade, that
sympathetic tone is elevated in IST.57:58 In particular, Morillo et a/ studied 6 patients with
IST using a battery of autonomic testing including heart rate variability analysis, cardiovagal
reflex testing using cold face testing, and autonomic blockade with intravenous propranolol
and atropine.>’ These investigators showed that while patients had higher intrinsic heart
rates indicative of increased sinus node automaticity, they had depressed vagal outflow and
increased B-adrenergic sensitivity. In contrast, a more recent study of 8 patients with IST
compared with 48 patients with POTS and 17 control patients did not show elevated intrinsic
heart rates following autonomic blockade to suggest increased sinus node automaticity.>8
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Sympathovagal imbalance may result from autonomic dysfunction. Perturbations in
autonomic regulation that may manifest as IST include diabetic autonomic neuropathy,>®
baroreflex impairment,%0 B-adrenergic receptor autoantibodies,1 and hyperadrenergic states
such as pheochromocytoma®2. Data on autoantibodies are not definitive.

Cardiac interventions may either cause or ameliorate IST. An unintended consequence of
catheter ablation of arrhythmias may be IST, as several reports describe IST attributed to
vagal denervation during ablation for other arrhythmias.63-66 Furthermore, targeted ablation
of intrinsic cardiac neurons supplying the sinoatrial node has been evaluated for sinus node
dysfunction and vasovagal syncope.67:68 Conversely, while sinus node modification likely
also results in denervation, more recent targeted, adjunctive ablation of epicardial fat pads
housing cardiac ganglia has been evaluated.®9.70 However, as a similar approach has been
evaluated for both sinus bradycardia and tachycardia, the mechanism remains unclear and
deserving of further study.

Initial Evaluation

The initial evaluation of sinus tachycardia includes a thorough history and symptom
assessment, medication review (including illicit drugs), vital sign assessment, physical
examination and electrocardiogram (ECG) (Figure 1). The clinical presentation of sinus
tachycardia includes temporally associated symptoms, frequency, initiation, and termination
of episodes. Common symptoms include, but are not limited to, dizziness, lightheadedness,
palpitations (rapid heartbeat), fatigue, anxiety, pain, and weakness’L. Particular attention
should be made in reviewing medications and supplements that may result in sinus
tachycardia either directly (e.g., stimulants) or indirectly such as by causing volume
depletion or hypotension (e.g., diuretics). Vital signs and physical exam findings may be
within normal limits or may include abnormal findings such as orthostatic vital signs,
resting HR >100 bpm, low resting oxygen saturation, pallor, rapid and regular heart rate by
palpation of pulse and cardiac auscultation, pleuritic discomfort upon inspiration, stigmata
of heart failure (e.g. peripheral edema, decreased breath sounds or pulmonary crackles),
infectious signs, and enlarged thyroid on palpation.>®

An electrocardiogram (ECG) should be obtained to assess P-wave morphology and to
exclude alternative supraventricular tachycardias, such as, atrial tachycardia and sinus node
reentry tachycardia.’? Additionally, an ECG may reveal electrocardiographic patterns that
may help identify a precipitant for sinus tachycardia. Laboratory assessment to evaluate for
explainable causes of sinus tachycardia, such as anemia, hyperthyroidism, hypoglycemia,
acute heart failure, dehydration, electrolyte derangements, adrenal dysfunction, drug use
(e.g., amphetamines) is recommended.55:72

Autonomic function testing may be valuable in differentiating IST from various forms of
autonomic dysfunction, such as, cardiac autonomic neuropathy or autonomic failure.”3:74
Cardiac testing, such as, echocardiography, exercise treadmill testing, and electrophysiology
studies may provide additional information regarding cardiac structure and function

and chronotropic response to exercise’2. Prolonged rate and rhythm assessment can be
conducted with internal or external ambulatory rhythm monitoring®®.

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2023 September 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mayuga et al.

Page 11

Autonomic Evaluation

Main Points:

1. The autonomic nervous system exerts significant control over the sinoatrial
node, and autonomic dysregulation has been implicated in conditions such as
inappropriate sinus tachycardia.

2. While the evaluation of the autonomic nervous system is still being further
explored and has yet to be standardized, current modalities include heart rate
variability to paced breathing, Valsalva testing, and quantitative sudomotor axon
reflex testing.

3. The Tilt Table Test has long been a cornerstone of assessing symptoms of
orthostatic intolerance and can be particularly useful for sinus tachycardia; it can
help differentiate syndromes of sinus tachycardia from other conditions such as
vasovagal syncope and orthostatic hypotension with compensatory tachycardia,
and it can be combined with ancillary testing such as 12-lead ECG monitoring,
measurement of catecholamines, and electroencephalography.

The role of autonomic testing in patients presenting with sinus tachycardia has not been
well established. A number of tests have been used to evaluate sympathetic adrenergic,
parasympathetic and sympathetic cholinergic function in patients presenting with sinus
tachycardia of unknown etiology. The rationale for testing the autonomic nervous system
is that several potential mechanisms of autonomic dysregulation have been implicated in
IST. These mechanisms include decreased parasympathetic activity, diminished muscarinic
receptor function, impaired efferent vagal activation, increased sympathetic activity and
baroreceptor dysfunction.>®7> The overlapping features of IST with POTS also suggest
autonomic evaluation is helpful in differentiating between these two disorders in some
instances where bedside orthostatic vital signs are not able to differentiate. Through
assessment of cardiovagal parasympathetic function, cardiovascular sympathetic adrenergic
function and sympathetic cholinergic sudomotor function, the role of the autonomic
system in the pathophysiology of IST and the contribution to reported symptoms can be
evaluated.”8.77

In preparation for autonomic testing, and to truly determine the association with IST,
patients should stop medications that impact autonomic function for 5 half-lives (if it is
safe to do so0). Practically, we recommend holding medications for 48 hours before testing, if
possible. Autonomic test results will be influenced by a medications across different classes
including those with anticholinergic effects (such as tricyclic antidepressants or serotonin-
norepinephrine reuptake inhibitors), antihistamines, decongestants, medications with
antimuscarinic effects, anti- or pro-hypertensive medications, medications that influence
volume status (volume expanders such as fludrocortisone or volume contractors such as
furosemide), analgesics (opioids) and anti-inflammatory agents.””:’8 Some exceptions are
made for medications that could potentiate medical complications, or create withdrawal
effects if removed (e.g. levothyroxine, opioids), or if the autonomic testing performed to
assess the response on medication or is repeated to assess the effect of a new treatment.”’
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Parasympathetic autonomic function is typically measured by heart rate variability to paced
breathing, a Valsalva maneuver, or the heart rate response to active standing.

Heart rate variability to paced breathing: As a measure of parasympathetic function,
deep breathing with maximum effort is typically performed for 9 cycles, with each cycle
paced at 5-seconds for inhalation and 5-seconds for exhalation to assess heart rate variability
(HRV). Normal HRV in response to deep breathing is an increase of heart rate during
inhalation and a decrease during exhalation, also known as the respiratory sinus arrhythmia.
71.79.80 HRV data are analyzed and compared to normative data that are adjusted for

age and gender.” Heart rate variability declines with age. It is important to measure
respiratory effort in order to provide context to the results. Inadequate respiratory effort
will result in decreased heart rate variability, which cannot be differentiated from disease.
Thus, measurement of respiratory capacity and effort can provide a means to effectively
assess respiratory effort. Automated devices that record heart rate variability generally

do not analyze respiratory effort and therefore cannot appropriately interpret the results.
Detailed spectral analysis of the frequencies of heart rate during rest have been performed
exhaustively across many healthy and disease states, but the results have not generally been
included in routine clinical testing because they do not often provide additional information
relevant to a single patient.81 Heart rate variability might be tested in patients with POTS
or IST to determine if there is evidence of parasympathetic dysfunction as the cause of the
condition.

Valsalva maneuver: The Valsalva maneuver is a quantitative assessment of both
sympathetic adrenergic and parasympathetic function.””81.82 The Vasalva maneuver is a
deep inspiration, followed by forced exhalation into a tube with a pre-specified resistance

of 30—40 mmHg for 15 seconds and is used to assess the cardiovagal heart rate response

and the sympathetic adrenergic blood pressure response.’” The heart rate and blood pressure
changes during the Valsalva maneuver occur in 4 phases.83 In phase I, the blood pressure
increases at the beginning of the expiratory effort due to the sudden increase in intra-thoracic
and intra-abdominal pressure leading to compression of the great vessels. This is followed
by phase I1, which includes both an early and late stage.

During the early stage of phase Il the blood pressure decreases steadily secondary to

the sustained compression of the vena cava leading to a diminished venous return to the
heart, with resulting reduced preload, reduced stroke volume and therefore diminished
cardiac output. The fall in blood pressure triggers a compensatory heart rate increase from
withdrawal of cardiovagal tone. It also activates baroreceptors in the carotid and aortic
arch causing an efferent sympathetic discharge, which leads to increased total peripheral
resistance and ultimately a recovery of the blood pressure marking late Phase 11.

Phase I11 is a sudden drop in blood pressure due to a decrease in intra-thoracic pressure once
the expiratory effort is terminated. Phase 1V is the blood pressure overshoot and depends on
cardiac adrenergic tone. Measurement of the changes in blood pressure (through beat-to-beat
blood pressure monitoring) provide an assessment of sympathetic adrenergic function.
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The Valsalva maneuver can measure parasympathetic function, reported as the Valsalva
ratio.””:81 The ratio is measured as the ratio of the maximum heart rate during the maneuver
over the minimum heart rate during the 30 seconds after the maneuver. The results are
compared to normative data established by age and sex.””:81 As with other measures of
autonomic function, there is an age related decline in the Valsalva ratio.

A larger Valsalva ratio indicates the normal functioning of the parasympathetic sympathetic
system, while a lower ratio might indicate damage to the parasympathetic nervous system. A
few caveats should be noted in the interpretation of the heart rate response to Valsalva. The
stimulus for tachycardia during a Valsalva maneuver is the drop in blood pressure. If there

is no drop in blood pressure during phase Il because of inadequate respiratory effort, there
will not be a tachycardia. Automated devices typically do not measure expiratory pressure or
beat to beat blood pressures, preventing appropriate interpretation of the heart rate response
to a Valsalva maneuver.

Active stand: An additional test of parasympathetic and sympathetic adrenergic function
is the active standing test.83 The active stand is performed after at least 5 minutes baseline
recording of blood pressure and heart rate in the relaxed supine resting position. After being
supine for 5 minutes, the patient quickly moves to the standing position (within 3 seconds

if possible) and stands in an immobile, stable position for 5 minutes. This test causes a shift
in blood volume of 300-800 milliliters from the central intravascular compartment to the
peripheral vascular system and stimulates both parasympathetic withdrawal and sympathetic
activiation.84

With the sudden transfer of blood to the peripheral vascular system there is a rapid increase
in the heart rate that peaks at about 3 seconds. This sudden, and transient, tachycardia is
mediated by inhibition of vagal tone and is referred to as the exercise reflex. After the initial
increase in heart rate, there is a further baroreflex mediated increase in heart rate from the 3
t012 second period due to the gravitationally induced fall in blood pressure. Blood pressure
and heart rate achieve a new baseline after approximately 30 seconds. As blood pressure
stabilizes, there is a transient period of increased blood pressure with a baroreflex mediated
bradycardia that occurs approximately 30 seconds after initiation of standing.84

Measurement of parasympathetic function occurs by taking the ratio of the heart rate at
approximately the 15t second (during the period of tachycardia) divided by the heart rate
at the 30t second (during the period of bradycardia). Heart rates are measured using the
RR interval. The resulting number is known as the 30:15 ratio. The larger the value for the
30:15 ratio, the more “intact’ the parasympathetic nervous system is. Abnormalities that can
be detected on active standing include evidence of parasympathetic dysfunction, orthostatic
hypotension, or postural tachycardia (as seen in POTS).

Tilt table testing: The tilt table test is used to assess the hemodynamic response to
postural change, similar to that seen with active standing. Postural change from supine to
upright position leads to venous pooling, a process where 500-1000 ml of blood shift from
the thorax into the peripheral vascular compartments (the legs and the abdominal and pelvic
regions).’7:85.86
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Unlike active standing, the tilt table test occurs with the patient supine in a tilted position

at 60-80 degrees. This tilted supine position reduces the effects of the muscle pump on
blood pressure.85:86 During the tilt table test, both parasympathetic and the sympathetic
adrenergic systems are stimulated by gravitational stress. Normally, upon tilt up there is a
transient blood pressure drop due to venous pooling, which then triggers the baroreceptors
in the carotid and aortic arch to signal a compensatory heart rate increase through
withdrawal of parasympathetic tone and an increase in blood pressure due to an increase in
sympathetic adrenergic tone.8587 The following conditions can be identified during tilt table
testing: neurally mediated syncope, orthostatic hypotension, postural orthostatic tachycardia
syndrome and delayed orthostatic hypotension.88

The tilt table test (TTT) has been a longstanding cornerstone in the assessment of orthostatic
intolerance® and is particularly useful in evaluating sinus tachycardia. One important
advantage is the ability to measure concomitant blood pressures, for example, in the case of
orthostatic hypotension resulting in a compensatory sinus tachycardia, or sinus tachycardia
prior to a vasodepressor response. The TTT can thereby facilitate an accurate diagnosis with
precise attribution of symptoms to blood pressure versus heart rate changes, especially for
patients with episodes of transient loss of consciousness in addition to sinus tachycardia on
cardiac rhythm monitoring.

Many centers use continuous blood pressure monitoring during the TTT instead of, or in
supplement to, intermittent arm cuff measurement. This was previously done via invasive
radial artery cannulation, but newer methods using beat-to-beat finger plethysmography have
largely replaced that. In most TTT protocols, the duration of upright position is at least 10
minutes, and in many centers longer protocols are used, such as 45 minutes?0-91,

While the rapidity and pattern of the heart rate increase can be somewhat variable, most
centers use an increase of at least 30 bpm within 10 minutes of upright tilt (without

drop in blood pressure) to be diagnostic for POTS in patients aged 19 or older, though

a longer duration to onset has also been described*92, Importantly, patients with IST

may also display a postural increase in heart rate; mixed forms of IST/POTS are not
uncommon’4. Ancillary testing can be combined with TTT93. Examples include intermittent
12-lead ECG monitoring to assess for atrial tachycardia mimicking sinus tachycardia®*,
measurement of plasma catecholamines for suspected hyperadrenergic POTS%, concomitant
EEG monitoring to evaluate episodes of unresponsiveness, and provocative maneuvers such
as sublingual nitroglycerin or carotid massage in patients who also report episodes of
transient loss of consciousness.

Quantitative sudomotor axon reflex test (QSART): QSART testing evaluates the
peripheral sympathetic cholinergic system. Using iontophoresis (the process of pulling a
charged medication into the skin via a local electrical current) of acetylcholine, nerves that
surround the sweat glands are activated and result in a spreading region of sweat production.
The activation of adjacent sweat glands is measured through changes in humidity detected
in a multi-compartmental capsule. The measurement of this ‘axon-reflex’ mediated sweating
provides an accurate measure of local peripheral sympathetic cholinergic function.%
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Standard QSART recording sites are the ventral forearm, lateral proximal leg, medial distal
leg and dorsum of the foot. In a normal QSART sweating increases from baseline levels with
a delay of 1-2 minutes after the initiation of iontophoresis. The delay in sweat production

is due to the axon-reflex dependent spreading of sweat production which is followed by

a steadily increasing sweat production 5 minutes after stimulation, followed by a slow
decrease in sweating during recovery. Abnormal responses are reported as an increase,

a decrease or absent sweat response. As an example, patients with a length-dependent
neuropathy (such as in diabetes) would loss of sweating in the distal recording sites.7:98
Patients with POTS may show a distal, or non-length dependent loss of sweat production.

Selected Etiology: Autoimmune

Main Points:

1. A mechanistic relationship between autoantibodies or autoimmune conditions
causing sinus tachycardia is not established.

2. Circulating autoantibodies affecting cardiovascular G-protein coupled receptors
may be found in patients with inappropriate sinus tachycardia and POTS.

3. Although autoantibodies activating adrenergic receptors or blocking muscarinic
receptors may initiate sinus tachycardia, such autoantibodies are also detected in
normal healthy controls without sinus tachycardia.

4, The role of autoimmune mechanisms to cause sinus tachycardia is uncertain.

The hypothetical autoimmune etiology of sinus tachycardia has traditionally focused on
sympathetic and parasympathetic innervation of sinus node. However, other mechanisms of
action can affect sinus rate. These effects may be exerted directly on sinus node or operate
distally and be manifest via the more traditional neurocardiac axis. Most notable, and
defined, is Graves’ hyperthyroidism. The presence of thyroid stimulating immunoglobulins
cause elevated thyroid hormones, especially T3, altered K* channel activity and sinus
tachycardia. This tachycardia, subtle or obvious, generally responds to reduction of T3%,
Circulating autoantibodies to beta-1 and 2 adrenergic and the M2 receptors can modulate
activity of targeted cardiac receptors and may be related to a reported persistence of sinus
tachycardia following normalization of thyroid hormonel,

There is circumstantial evidence that some patients with POTS or IST have an autoimmune
basis for their condition. Emerging evidence suggests that some patients with IST have
circulating autoantibodies to the beta-adrenergic receptor.191 Autoantibodies directed to the
alpha 1 and beta-1 and beta-2 adrenergic receptors were described using bioassay and
specific receptor transfected reporter-cell-based assays'92-104, Additional autoantibodies
have been identified in some subjects to the angiotensin AT1R and to the muscarinic M2R
and M3R105106_ These autoantibodies may be non-specific as they can exist in the general
population. Induced alpha-1 and beta-1 adrenergic receptor autoantibodies in rabbits resulted
in an exaggerated pulse response to 60° tilt in these animals. Blockade using a proteolysis
resistant decoy peptide mimicking putative epitopes for these autoantibodies returned the
postural pulse response to normal, supporting a pathophysiological role for autoantibodies in
this animal model197,
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Use of activity assays is limiting since role of autoantibodies involves not on their
orthosteric (direct) effect on the target receptor but rather on their variable allosteric
(indirect) effect of decreasing the impact of the normal ligand (both norepinephrine and Ang
I1) binding on their target receptor; while the beta-1 and beta-2 adrenergic autoantibodies
affect endogenous nor-epinephrine response on these receptorsi03. Autoantibodies to M2
and M3 receptors may also exist. The hypothesis that POTS and IST has an autoimmune
basis requires further evidence from adequate animal models and subsequent human studies.

The relationship of several well-known autoimmune diseases includes Sjogren’s, lupus18,
and other autoimmune conditions'9® but more multi-center large-scale studies are needed
to confirm these associations.119 Some subjects with idiopathic postural hypotension

and tachycardia harbor autoantibodies in variable degrees, but any relationship of these
autoantibodies with tachycardia remains speculative.111

Selected Etiology: Mast Cell Disorders

Main Points:

1. Mast cells may inappropriately release chemical mediators that elicit an array
of symptoms. In particular, symptoms include rapid heart beating, allergic
reactions, skin rashes, and gastrointestinal complaints, and is termed ‘mast cell
activation disorder’ (MCAD).

2. MCAD is uncommon but may cause a clinical picture resembling postural
orthostatic tachycardia syndrome (POTS).

3. MCAD symptoms tend to occur episodically (‘flares’) and differs from
mastocytosis which tends to be more persistent and characterized by elevated
tryptase levels.

4. No single laboratory finding is diagnostic of MCAD, but an elevated
circulating prostaglandin (D2 or F2alpha), especially when accompanied by
increased histamine marker (plasma histamine, urine methylhistamine), is highly
suggestive. Tryptase is only infrequently elevated.

Mast cell cells synthesize various vasoactive mediators and release them into the circulation
potentially initiating sinus tachycardia.}12:113 These include histamine stored in mast cell
granules and released immediately following activation, as well as prostaglandin D2,
cysteinyl leukotrienes and platelet activating factor synthesized de novo from membrane
lipids within about 5-10 minutes after activation. Mast cells can synthesize cytokines,
including TNF-alpha that can cause tachycardia by an undefined by likely inflammatory
mechanism.112.114

Histamine, the best known and most studied mast cell mediator can drop systolic and
diastolic blood pressure, increase cardiac output and catecholamines, and cause sinus
tachycardiall®. All 4 known histamine receptors are expressed in the heart; chronotropic
effects of histamine have been linked to H2 receptor activationl16. Therefore, the
mechanism of histamine-induced tachycardia probably involves a compensatory mechanism

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2023 September 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mayuga et al.

Page 17

to vasodilation, associated with increased catecholamine response as well as a direct
chronotropic effect.

Tachycardia is a cardinal manifestation of anaphylaxis, associated with systemic mast cell
activation.11’ Anaphylaxis may be due to identifiable IgE-mediated triggers (e.g., food, drug
or venom allergy), IgE independent triggers (e.g. exercise, radiocontrast) or an idiopathic
cause. Tachycardia in anaphylaxis, associated with hypotension, flushing, itching, hives,
angioedema and respiratory compromise is episodic and transient resolving once treated.
Therefore, tachycardia occurring in isolation without other symptoms should not be directly
attributed to mast cell activation. Furthermore, drugs used to treat anaphylaxis, such as,
epinephrine and glucocorticoids can themselves cause sinus tachycardia.

Mastocytosis, a clonal disorder of the hematopoietic mast cell progenitor associated with
a somatic gain of function mutation in KIT gene)118, is characterized by abnormal
proliferation and accumulation of mast cells in tissues, such as skin and bone marrow,
and is frequently associated with mast cell activation symptoms and sinus tachycardia. It
has cutaneous and systemic forms, both of which are associated with mast cell activation
symptoms119.120,

DIAGNOSIS: Systemic mastocytosis should be diagnosed by tissue (often bone marrow)
biopsy. Lifetime risk of anaphylaxis in mastocytosis is significantly increased in adults
(approximately 49%). 120.121 |n addition, patients may have milder episodes not reaching the
severity of anaphylaxis, such as, flushing and tachycardia associated with lightheadedness.
Therefore, in patients presenting with unexplained episodic mast cell activation symptoms
and tachycardia, mastocytosis should be considered in differential diagnosis.

Patients with suspected mastocytosis should have a thorough skin examination to look

for typical maculopapular lesions of mastocytosis (urticaria pigmentosa). A tryptase
measurement is recommended. Tryptase is a mediator relatively specific to the mast cell
lineage. Normal median tryptase level is approximately 5 ng/ml, while a baseline tryptase
level >20 ng/ml often indicates increased mast cell burden and is a minor diagnostic
criterion for mastocytosis. Tryptase is a good marker of mast cell activation and anaphylaxis.
A tryptase level measured within 4 hours of a suspected mast cell activation episode can
help differentiate mast cell activation from other causes of tachycardia and hypotension. A
formula of acute event related tryptase increase of 20% from baseline level +2 ng/ml has
been proposed as a clinically significant confirmation of mast cell activation121122,

Apart from well-defined scenarios of mastocytosis and anaphylaxis, mast cell activation
syndrome has been used to describe patients with episodic mast cell activation who may or
may not meet the definition of anaphylaxis'22-124, Proposed diagnostic criteria for mast cell
activation syndrome include: (i) episodic symptoms consistent with mast cell activation

in at least 2 of the following organ systems: cardiovascular (including tachycardia),
respiratory, gastrointestinal, skin and nasoocular,; (ii) documented elevation in mast cell
mediators during a symptomatic phase (preferably serum tryptase, but may also include less
standardized tests of urinary histamine, PGD2 and LTC4 metabolites); and (iii) a positive
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response of symptoms with drugs targeting mast cell mediators (such as H1 and H2 receptor
antagonists, leukotriene blockers, cromolyn).

An alternative broader diagnostic scheme!25 can lead to overdiagnosis of mast cell
activation syndrome as has been described in case reports of POTS and hypermobile
Ehlers-Danlos syndrome. However, objective documentation of mast cell activation by
morphology or biochemical markers are missing in these reports.126.127 One study
compared POTS patients with mast cell activation symptoms (flushing, shortness of

breath, headache, lightheadedness, excessive diuresis, and gastrointestinal symptoms) and
elevated urine N-methylhistamine to POTS patients with episodic flushing but normal urine
methylhistaminel2’. Heart rate responses to upright posture were similar in both groups and
were increased similarly as compared to healthy controls. No differences were found in
catecholamine levels between POTS with or without MCA symptoms. The MCA plus POTS
group had higher systolic blood pressures compared with POTS and normal control groups.
Many patients with POTS and dysautonomia may have similar symptoms encountered in
MCAS, including flushing, lightheadedness, and gastrointestinal motility disturbances, such
as, diarrheall3,

Selected Etiology: Pheochromocytoma

Main Points:

1. Pheochromocytomas are rare catecholamine- secreting tumors.

2. Clinical presentation is variable. With increased frequency of abdominal imaging
many pheochromocytomas are discovered incidentally. When symptoms are
present, they are non- specific and include multiple cardiovascular manifestations
including — but not limited to- hypertension and sinus tachycardia.

3. Diagnosis involves biochemical work up followed by imaging for tumor
localization.
4. Surgical resection is the treatment of choice after adequate medical preparation.

Multidisciplinary team approach is essential in the care of these patients and
cardiology expertise is needed to help manage the associated arrhythmias and
potential cardiovascular complications.

Pheochromocytomas are catecholamine-secreting tumors arising from the chromaffin
cells of the adrenal medulla. Extra-adrenal catecholamine secreting tumors arising

from sympathetic ganglia are termed paragangliomas!28. Paragangliomas have different
malignancy risk and association with familial syndromes from pheochromocytoma,
though clinical presentation and management of both are typically similar.128 Both are
neuroendocrine tumors.

Pheochromocytoma is rare (estimated prevalence 0.1-0.6%).129:130 The characteristics and
behavior of pheochromocytoma vary based on how the tumor was discovered: whether from
investigation of a symptomatic individual (27% of the pheochromocytomas in one series),
versus as an incidental finding on abdominal imaging (61%), versus case-based detection
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due to family history of a genetic mutation in a proband (12%). The latter two presentations
are typically associated with smaller sized tumors.131

Pheochromocytoma is typically diagnosed in the third or fourth decade (but can present at a
younger age in the setting of familial syndromes), with equal frequency in men and women.
Ten percent can be malignant and 40% are familial (Mon-Hippel-Lindau disease, Multiple
Endocrine Neoplasia type 2A and 2B, Neurofibromatosis type 1, Carney Triad, Succinate
Dehydrogenase gene Mutations, plus a few other rare genetic forms).128

With the increasing frequency of diagnostic abdominal imaging, many pheochromocytoma
cases are now found incidentally and 50% are asymptomatic. When symptoms are present,
they are typically paroxysmal.128 The classic triad of symptoms, include paroxysmal
headaches, perspiration and palpitations/tachycardia. The presence of the entire triad is more
specific for pheochromocytoma but less sensitive.132

Symptoms of pheochromocytoma are non-specific and include, but are not limited to,
palpitations, pallor, lightheadedness, sweating, cold hands and feet. Cardiomyopathy,
heart failure, and myocarditis are presentations in which pheochromocytoma can go
unrecognized.128

The biochemical phenotype of the tumor can explain symptomatology. Epinephrine
secreting tumors, leading to paroxysmal hypertension and brief tachyarrhythmias

which could lead to acute cardiovascular decompensation. Norepinephrine secreting
pheochromocytomas store and release norepinephrine in a continuous manner leading to
persistent HTN and tachyarrhythmia. There can be a mixed picture.133

Pheochromocytomas have various cardiovascular manifestations. In one series 56% of
patients had hypertension, of which, 32% had persistent HTN and 24% had paroxysmal
HTN. Orthostatic hypotension is possible. Eight percent had labile blood pressure. Other
cardiovascular manifestations included palpitations (36%), angina (32%), syncope (20%)
and dyspnea (16%). Twenty percent of patients in this series underwent emergency cardiac
catheterization due to concern for possible acute coronary syndrome, all had normal
coronary arteries. Electrocardiogram changes described included wide QRS tachycardia,
junctional or sinus tachycardia.134

In a recent study of 650 patients with pheochromocytoma seen between 2004 and 2019,
10.9% were found to have some form of tachyarrhythmia, of whom, 98.6% developed sinus
tachycardia at some point, 11.3% developed atrial fibrillation, 5.6% developed atrial flutter,
and 4.2% developed ventricular tachycardia.133

Excessive activation of the adrenoreceptors in the sinoatrial node by excess circulating
catecholamines leads to sinus tachycardia.133 Presentations could also include exercise-
induced palpitations and chest discomfort, 13 exercise induced ventricular tachycardia
(VT),136 recurrent VT,137:138QT prolongation and monomorphic VT.139 Isolated junctional
tachycardia was the first manifestation in a child.14% Pheochromocytoma-induced atrial
tachycardia has been reported.141
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DIAGNOSIS: In addition to history and physical exam, diagnosis involves biochemical
testing including 24-hour urine collection for fractionated metanephrines or plasma free
metanephrines with the patient supine for at least 30 minutes (beware of some medications
and situations that can lead to false positive results).142 Clonidine suppression test can be
used to confirm the diagnosis of pheochromocytoma if there is a concern about false positive
elevation of plasma fractionated metanephrines.128

Once confirmed biochemically imaging is required for tumor localization. CT of the
abdomen is typically the initial imaging procedures of choice. MRI can be used if there is a
contraindication to CT or there is concern about metastatic disease, or for detection of skull
base and neck paragangliomas.142 An iodine-123- metaiodobenzylguanidine radioisotope
scan (MIBG) is indicated if there is concern for metastatic disease and if radiotherapy with
an iodine-123- metaiodobenzylguanidine radioisotope is considered for treatment.142

TREATMENT: Surgical tumor resection after adequate medical preparation, is the
treatment of choice. Pre-operative use of alpha blockers for at least 7-14 days (often
with addition of beta blockers 3—4 days later) is necessary, including those who are
asymptomatic.128

Regarding tachyarrhythmia management in the setting of pheochromocytoma, a recent study
suggested treatment of sinus tachycardia be initiated based on the blood pressure status

and clinical urgency.133 If a patient with sinus tachycardia is normotensive, therapy with
oral ivabradine could be initiated, however cost may limit its availability. Calcium channel
blockers such as verapamil and diltiazem are an alternative option if alpha then beta
blockade is not effective or if a patient is normotensive or hypotensive. Those are to be
avoided in patients with heart failure. If a pheochromocytoma patient with sinus tachycardia
is hypotensive, initial treatment is with IV fluids.133

Pheochromocytoma has been described as the “Great Masquerader”.143 It should be on
the differential diagnosis of angina, cardiomyopathy, sinus tachycardia and arrhythmias.
Clinicians need to have a high index of suspicion for pheochromocytoma and cardiologists
need to be involved in the care of these patients.

Selected Etiology: Critical lliness and Pulmonary disease

Main Points:

1. In critically ill patients, new-onset sinus tachycardia, the most common ECG
abnormality in the intensive care unit, is related to a wide range of underlying
causes and has been associated with increased risk of cardiac events in this
setting.

2. Sinus tachycardia is a common cardiovascular finding in acute pulmonary
illnesses such as pulmonary embolism, pneumonia, and COPD exacerbation.

3. In ambulatory COPD patients, the chronotropic response to hypoxemia and
bronchodilator therapy play important roles in increasing the risk for sinus
tachycardia.
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4, Impaired lung function is associated with subtle manifestation of cardiovascular
autonomic dysfunction including elevated heart rates.

Sinus tachycardia is the most common ECG abnormality in the intensive care unit

(ICU). New-onset sinus tachycardia in critically ill patients is related to a wide range

of underlying causes including shock, acute respiratory failure, uncontrolled infections,
hemorrhage, and delirium44, Overall, a high heart rate predicts ICU mortality144-146,

In critically ill patients at high-risk for cardiac events by the revised Goldman index,
elevated heart rate is associated with increased risk for major cardiac eventsl4’. In a single
center open label randomized phase I trial involving patients in septic shock on high

dose norepinephrine, targeted heart rate (between 80 bpm and 94 bpm) was achieved

in all patients randomized to receive intravenous esmolol compared with those in the
control group without increased adverse events and with favorable hemodynamic parameters
(increased systemic vascular resistance, increased left ventricular stroke work and reduced
norepinephrine requirements)148.

Ivabradine blocks the hyperpolarization-activated cyclic nucleotide-gated (HCN) channels
thereby reducing heart rate without affecting myocardial contractilityl4®. In experimental
animal studies with septic shock, heart reduction by lvabradine did not appear to improve
cardiac function or vascular responsiveness to vasopressorst®, but may have a beneficial
effect on microcirculation®1, In a phase 11 randomized clinical trial, Ivabradine (5 mg

by orally twice daily) did not achieve the target reduction in heart rate (10 bpm) and

did not improve hemodynamics or vasopressor use compared to a control group. Until
further research provides conclusive evidence regarding the utility of heart rate reduction in
critically ill patients152, sinus tachycardia remains a key hemodynamic marker that alerts
clinicians to worse or deteriorating illness and predicts increased mortality.

Sinus Tachycardia and Pulmonary Disease

Tachycardia is one of seven variables incorporated in the clinical decision rule for the
diagnosis of acute pulmonary embolism (Well’s score)153-155, Sinus tachycardia is also a
common cardiovascular finding in other acute pulmonary illnesses including pneumonial®4,
chronic obstructive pulmonary disease (COPD) exacerbation and interstitial lung disease
with acute presentation®6:157, In ambulatory COPD patients, the prevalence of sinus
tachycardia varies from 2% up to 38%158.159_ The chronotropic response to hypoxemia

and bronchodilator therapy plays important roles in increasing the risk for sinus tachycardia
in COPD patients60.161 |n a meta-analysis of randomized controlled trials of beta agonist
therapy in COPD and asthma, the relative risk for sinus tachycardia with beta agonists was
3.1 (95%Cl: 1.7-5.5)162, Qverall, sinus tachycardia in lung disease is addressed by the
appropriate management of the underlying pulmonary illness.

The autonomic nervous system is directly involved in the homeostasis of the respiratory
system and it has been shown that subtle manifestations of cardiovascular autonomic
dysfunction, including elevated resting heart rate, are significantly associated with impaired
lung function and are independent predictors of chronic obstructive pulmonary disease in the
middle-aged population63.
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Selected Etiology: Post-COVID-19

Main Points:

1. Inappropriate Sinus Tachycardia (IST) and Postural Orthostatic Tachycardia
Syndrome (POTS) can occur in patients with persistent COVID symptoms
(“Long COVID”) and may be a part of less specific and multi-organ Post-Acute
COVID-19 Sequelae (PACS).

2. In PACS, other causes of sinus tachycardia, such as, anemia, fever,
hypovolemia, deconditioning, cardiac disease, pulmonary embolism, asthma or
hyperthyroidism must be excluded.

3. Cardiovascular autonomic testing including active standing, tilt testing, deep
breathing and other autonomic tests, plus prolonged ECG monitoring are
recommended to facilitate a correct diagnosis.

4. Treatment of post-COVID tachycardia, presenting as IST and/or POTS, is
not well established but ivabradine and beta-blockers might be considered as
potential therapies.

Multi-organ damage in acute coronavirus disease-19 (COVID-19) is usually associated with
transient sinus tachycardial54, which resolves as the patient recovers; however, prolonged
tachycardia that persists after COVID-19 can pose a diagnostic conundrum. Case reports
have described chronic (“long-haul”) post-COVID-19 symptoms reminiscent of those in
POTS or IST165.166 Both these conditions are characterized not only by abnormal pulse
accelerations or constantly increased heart rate but also by a variety of non-specific
symptoms such as headache, cognitive dysfunction, and fatigue. 55167 The most affected
patients remain severely limited.

Although POTS and IST may create a diagnostic dilemma for an inexperienced clinician’4,
different causes of sinus tachycardia may overlap. The long-haul post-COVID syndrome
may also include non-dysautonomic causes of tachycardia, including general post-viral
deconditioning, anemia, hypovolemia, heart failure, myocarditis, pulmonary embolism,
asthma, lung fibrosis, autoimmune conditions (e.g., lupus, Sjogren’s disease, vasculitis,
hyperthyroidism), or neurodegenerative and neuroinflammatory disorders. Components

of the autonomic nervous system such as the sympathetic noradrenergic system, the
parasympathetic cholinergic system, and the sympathetic adrenergic system might play
important roles in post-COVID tachycardia; however, the states of activation or inhibition of
these sub-systems and their associations with neuroendocrine and immune mechanisms have
not yet been characterized comprehensively.168

First (physical examination) and second (symptom evaluation) layers are mandatory (Figure
4). Third layer should be adapted to the primary and predominant clinical manifestations.

If no pulmonary/respiratory symptoms are present, this part of the study algorithm could be
omitted.

Resting ECG, active standing test of at least 5 minutes or up to the intolerance level,
6-minute walk with peripheral saturation monitoring (using pulse oximetry) plus basic
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laboratory tests to exclude obvious abnormalities such as anemia, infection, electrolyte
derangement, renal failure is recommended.

Patients should undergo cardiovascular autonomic testing (tilt testing and additional
autonomic tests) plus appropriate cardiac workup (Figure 4). Cardiac imaging should
include echocardiography, exercise ECG, cardiovascular MR (CMR) and, optionally, cardiac
CT, stress CMR perfusion or cardiac nuclear imaging, if symptoms suggestive of angina
pectoris are present.

In the next step, patients should be evaluated according to the “pulmonary pathway”,

if symptoms suggestive of respiratory etiology are present. Finally, the patients should

be investigated for the presence of traditional autoimmune and inflammatory plasma
biomarkers, as multiple reports suggest triggering of autoimmunity in the post-acute phase
of COVID-19 infection69.169, Consequently, selected patients with high clinical suspicion
of concomitant autoimmune disorder should be screened for the presence of autoantibodies.
In patients with signs suggesting mast cell activation disorder, appropriate laboratory tests:
plasma tryptase, plasma prostaglandin D2, plasma histamine, and urine methylhistaminel2
should be considered. Endocrine tests (e.g., thyroid gland function tests) may complement
the laboratory workup, if appropriate.

Management: Lifestyle Changes

Main Points:

1. Lifestyle management can help alleviate conditions of symptomatic sinus
tachycardia, and should be considered in all patients who do not have prohibiting
contraindications.

2. Increasing dietary salt intake to facilitate blood volume expansion can be
considered and has been shown in patients with postural tachycardia syndrome to
increase plasma volume and decrease the heart rate upon standing, though long
term effectiveness is yet to be determined.

3. Compression garments can be considered to help mitigate the translocation of
excessive fluid from upper to lower parts of the body during upright posture, and
has been shown to reduce heart rates and improve symptoms during a tilt table
test in patients with postural tachycardia syndrome.

IST is a potentially troublesome problem. Apart from a sense of rapid heart beating,
affected patients often also experience a wide range of associated complaints including
fatigue, lightheadedness, exertional intolerance, muscle weakness and gastrointestinal
issues?9:75:88,167 |n this regard, the pathophysiological relationships between sinus
tachycardia and non-cardiac symptoms remains unknown; nevertheless, treatment efforts
principally focus on ameliorating the tachycardia with the hope that non-cardiac symptoms
will also improve.

Clinically, ‘Idiopathic sinus tachycardia’ comprises two principal diagnostic categories,
POTS and IST.49:50.75.167.170 pOTS s excessive sinus tachycardia triggered by minimal
physical activity, especially movement to upright posture.36:50.125171 171
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Patient education and management of expectations is crucial to enlisting and maintaining
patient compliance.

1. Certain teachable points merit attention in POTS and perhaps in IST.

a. Understand basic physiology of postural change and how to diminish
abrupt blood volume shifts,

b. Recognize that circulating blood volume is usually lowest in the
mornings, emphasizing the utility of morning volume enhancement by
fluid bolus,

C. Focus on smaller meals and lower carbohydrate intake to minimize

splanchnic vascular dilation

d. Avoid prolonged bed rest or immobilization to maintain physical
conditioning.

e. Encourage physical counter-maneuvers (leg crossing, muscle tensing)
to enhance venous return.

2. Anecdotal evidence in POTS and idiopathic sinus tachycardia, favors avoidance
of caffeine, alcohol, and other stimulant agents, including certain prescribed
drugs. In MCA patients, low histamine diets and other patient-specific dietary
elements should be avoided.

3. Blood volume expansion with increased dietary salt intake, electrolyte fluids
and water bolus therapy are recommended, although with limited evidence of
effectiveness (especially in IST). A study of dietary salt intake in patients
with POTS reported that high sodium intake increases plasma volume, lowers
standing plasma norepinephrine, and decreases the change in heart rate
withstanding®72 but long-term benefits are not established to indicate benefit
over risk.

4, In the case of dietary salt, a goal of 6-10 grams/day has been proposed but may
be difficult to achieve. Salt supplementation may be taken as dietary salt at the
table (not in the cooking if the affected individual cooks for others), as tablets or
capsules. However, gastrointestinal upset may be a limitation. Some gel-coated
capsules are better tolerated but can be more expensive. Hypertension is rarely a
concern in this largely young population but may become a problem as they age.
Significant fluid intake is essential to optimize the effect of dietary salt. A target
of 2.5-3 L/day of water and/or low carbohydrate electrolyte drinks is reasonable.

5. Exercise is an HRS Class IlA indication for POTS but remains a target
of study#9:50.125,170,173: jts value in IST is unknown.49:50.125 |nitially, supine
or semi-recumbent exercise is recommended to minimize adverse effects of
excessive orthostatic tachycardia early in the treatment program. The preferred
modalities are use of a rowing machine, a recumbent cycle, swimming, and
lower body isometrics. Exercise sessions should last at least 30 minutes each,
4-5 times per week. The first signs of improvement can take 4-6 weeks to
appear.1’4 Incremental advancement of duration and intensity may be expected
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to vary from individual to individual, and may be hampered by musculoskeletal
co-morbidities (e.g., Ehlers-Danlos Syndrome). Exercise treatment should be
presented as a lifestyle change since it may be needed for a prolonged time.
About half of patients may no longer meet POTS criteria within 3 months.

6. Compression garments targeting the large vascular beds of the lower extremities
(i.e., thighs, buttocks and splanchnic bed) may diminish translocation of
excessive fluid from upper to lower parts of the body during upright
posture.4950.170 A study in patients with POTS reported that abdominal and
lower body compression reduced heart rates and improved symptoms during a
Tilt Table Test, with some benefit from abdominal compression alone as well 17>

7. Avoid symptom exacerbation triggered by prolonged heat exposure.

In summary, idiopathic sinus tachycardia can be a disabling condition. It tends to occur
primarily in the young, particularly young women. Although life-style modifications may
prove helpful, treatment is suboptimal, and many affected individuals experience lengthy
periods of time during which their quality-of-life is adversely impacted.

Management: Psychological Factors and Intervention

Main Points:

1. Symptomatic sinus tachycardia can significantly affect a patient’s quality of life,
and evaluating and addressing a patient’s mental wellbeing is an important part
of patient care.

2. The biopsychosocial model provides an understanding of symptoms related to
sinus tachycardia in the absence of anatomical or disease-related causes.

3. Integrated treatment programs, based on cognitive behavioral therapy,
encompassing multiple providers such as physicians, psychologists, physical
therapists, occupational therapists, and nurses can be considered to provide
intensive care for patients with postural tachycardia syndrome.

There are two aspects to consider regarding the role of psychological factors and
intervention for patients with sinus tachycardia: education about the symptom experience,
and treatment with cognitive behavioral therapy. First, patients with mild symptoms may
respond to education, reassurance, and lifestyle changes provided in office, such as the
recommendation to avoid common triggers. Although avoidance makes sense in theory

to prevent the symptoms, it may be unrealistic for patients with frequent or more severe
symptoms, or more psychosocial impairment.176 Patients may not be aware of what the
triggers are, they may be unavoidable, or may be associated with higher levels of fear/
anxiety. This approach also sets up a problematic cycle of disability where quality-of-life
is affected by both avoidance of the symptoms and fear of experiencing the symptoms.177
Anticipatory anxiety, a normal response to a distressing stimulus, increases attention to the
somatic experience, intensifies sympathetic reactivity, and results in worsening symptoms
and greater impairment. Second, patients with sinus tachycardia who do not respond to
education and reassurance benefit from a referral for outpatient cognitive behavioral therapy,
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whether they have a mental health diagnosis or not. Cognitive behavioral therapy is an
active, skills-based intervention that teaches modification of maladaptive thoughts, actions,
and attention to somatic symptoms that lead to greater impairment and reduced function.

The biopsychosocial model provides an understanding of symptoms related to sinus
tachycardia in the absence of anatomical or disease-related causes. In response to biological
stressors, such as, dehydration or exertion, psychological stressors, such as anxiety or
excitement, or social stressors such as performance expectation or symptom response, the
sympathetic nervous system activates and produces symptoms frequently associated with
tachycardia including dizziness, altered vision, or nausea.

Patients with maladaptive or avoidant coping styles perceive this as dangerous, leading to
increased fear and distress, and avoidance of situations where symptoms may occur. The
benefit of cognitive behavioral therapy is that it provides concrete skills patients can use

to manage psychological and social stressors by changing their behavioral and cognitive
responses to symptoms through engagement in active strategies such as counterpressure,
distraction, relaxation, and cognitive reframing. In addition, patients learn skills to manage
physical stressors and improve adherence to health habits including hydration and increased
salt intake.

Case reports and small-scale studies indicate that cognitive behavioral therapy

techniques, including biofeedback assisted relaxation, cognitive reframing, and systematic
desensitization, are effective in improving function and reducing episodes in adult patients
with syncopel’8-181 as well as reduction of panic episodes in patients with heart disease.
Randomized controlled trials are needed to clarify when patients are most likely to benefit
and what techniques are most effective, as well as further investigation in the pediatric
population.

Integrated Treatment Programs—The interpretation of autonomic symptoms related to
sinus tachycardia, such as, elevated heart rate or lightheadedness as dangerous may lead to
significant fear and the curtailment of day-to-day activities. Up to 25% of adult patients

with POTS were found to be unable to work®2 and studies have shown that adolescents and
adults with POTS frequently experience depression, anxiety, anxiety sensitivity, as well as
significant disability in response to their sinus tachycardial83.184, Patients with significant
distress and impairment related to sinus tachycardia who do not respond to initial treatments,
such as pharmacotherapy and/or cognitive behavioral therapy, may need a more intensive
approach to the management of symptoms through an integrated treatment program.

Integrated treatment programs, based on cognitive behavioral therapy, and with multiple
providers including physicians, psychologists, physical therapists, occupational therapists,
and nurses have been used to provide intensive care for patients with POTS, generally in

an inpatient 3—6-week program. The goals of intervention are similar to outpatient cognitive
behavioral therapy: to decrease distress and improve function, and patients are provided with
intensive daily support in a structured setting to meet these goals.
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Cognitive behavioral treatment is provided that may include exposure to fearful triggers
such as being in an upright position, becoming overheated from exertion, exercise, being
physically away from parents or caregivers who might “rescue” patients in the case

of increased symptoms, engagement in social interactions, or participation in academic
activities. Physical therapy coupled with heart rate monitoring and reassurance is designed
to improve conditioning in a safe environment.

A key to rehabilitation is physical therapy, which provides gradual step-wise conditioning
and exposure to increased heart rate, while patients learn strategies to cope with changes
in somatic symptoms that have been conditioned to provoke significant anxiety/panic.18°
Occupational therapy assists patients in returning to academic or work environments that
require pacing and planning and has been an integral part of the success of these programs.
Programs may offer intensive education for parents and caregivers for adolescent patients,
as parents are often extremely worried about these symptoms as well.186:187 The debilitation
observed in patients with POTS has been likened to the functional disability observed in
patients with chronic pain and the interdisciplinary pain rehabilitation program structure
has been utilized to treat patients with POTS successfully.188 The successful outcomes

of interdisciplinary pain programs have been extensively researched for adolescents and
adults.189-191

Management: Exercise and Rehabilitation

Main Points:

1. Aerobic-based exercise training that emphasizes submaximal intensity effort
and tailored progression can be safe, confidence reinforcing, and an effective
non-pharmacological intervention for the long-term management of signs and
symptoms associated with sinus tachycardia.

2. Individualized exercise training for patients with sinus tachycardia should be
developed based on current physical abilities, which for most, can be safely
evaluated during maximal effort clinical exercise stress testing.

3. Exercise training in patients with sinus tachycardia should emphasize the
importance of avoiding rapid short bursts of high intensity exertion both in gym/
recreational settings and during activities of daily living.

4, Improvements in physical conditioning and symptom severity gained through
exercise training are typically slow to develop initially, but become more
noticeable and sustained when exercise training is adhered to long-term.

Properly dosed exercise training can be an effective non-pharmacologic therapeutic
intervention for reversing severe muscle disuse atrophy and restoring normal exercise
cardiac rate and rhythm caused by a continuous period of bedrest in otherwise

healthy adults192-194, Similarly, exercise training has also proven effective for physical
reconditioning and lessening episodes of sinus tachycardia triggered by hemodynamic,
postural, and/or physical stressors in patients with autonomic nervous system conditions and
no underlying familial or personal history of heart disease*9:185.192,195,196
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Accordingly, in patients where dangerous underlying rhythm disorders and coronary
ischemia are not likely to explain suddenly present recurring episodes of sinus
tachycardia provoked by physical stress, such as those with POTS, a progressive and
individualized exercise training plan should be initiated early on in the course of
treatment#9.90,185,192,195,196 |f nossible, supervised training is preferable to maximize

improvements in functional capacity and to lend patients confidence that exercise training is
safe49.185.

Aerobic Exercise and Training

The main component of the physical reconditioning plan should feature aerobic exercise
training initially prescribed as mild-to-moderate intensity approximately corresponding to
target HR zones within 50-75% of maximal HR or HR reserve calculated from exercise
stress test measurements (Table 3).49-185.196 | patients are takingp-blocker therapy, this
medication should be taken on the day of testing so that HR training zones prescribed
reflect effects of this therapy. In instances where the exercise stress test is unavailable,
training intensity may be recommended based on approximate equivalents using the Rating
of Perceived Exertion (RPE) scale (Table 3).49185.196 |n a]] other cases, patients should

be encouraged to monitor their HR during exercise bouts using a commercially available
electronic wearable device at prescribed intensities.

The initial frequency of exercise should be prescribed at 3—4 times per week for 20—

30 minutes per session (not including time needed for warm up and cool down) using

a stationary (semi)recumbent bicycle for at least 3—4 weeks. Other exercises involving
horizontal leg position movements, such as rowing or swimming are also options, but

may be less tolerable to patients due to whole body metabolic and blood flow demands.
Therefore, the use of (semi)recumbent training is critical in initial phases, allowing patients
to familiarize themselves with aerobic exercise while avoiding the full effect that gravity has
on peripheral-to-central hemodynamic transport experienced in the upright posture.

As patient fitness and comfort with exercise gradually improve, components of the exercise
plan should be intermittently modified on a planned schedule to promote continual training
progression (Table 3). Program modifications should be conservative in order to not
overwhelm patients and to prevent the possibility of excessive delayed onset muscle
soreness and symptomology. Changes can include increasing the intensity, extending

session durations, adding exercise bouts per week, and/or changing the modality (Table

3). Ultimately, the long-term goal is for patients to be able to perform activities of daily
living and should they choose, comfortably exercise 45-60 minutes per session on most days
of the week with minimal episodes of sinus tachycardia and symptomology.

Resistance Exercise and Training

After a firm level of comfort has been established with aerobic exercise training, the addition
of resistance training to the program focusing on seated lower body and core work can also
prove beneficial (Table 3). This is because lower body resistance training can help further
strengthen the skeletal muscle pump and venous return to aid in counteracting orthostasis.
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For those who are unfamiliar with weight training, a personal trainer who is familiar with
precautions needed for working with patients with autonomic nervous system conditions

is recommended to maintain safety and help utilize proper form and technique on each
machine. If access to seated resistance training equipment is unavailable, patients may
consider performing modified versions of exercises while seated/lying on the floor until
physical conditioning and knowledge of how this type of training affects HR and symptoms
collectively improve.

Special Considerations

Patients with POTS and the Ehlers-Danlos Syndrome (hypermobility type) usually have
joint hypermobility, joint instability complications, and widespread musculoskeletal pain.

If not carefully considered, these clinical signs and symptoms can limit their ability to
regularly participate in an exercise program. Patients should start with non or low-weight
bearing exercise, such as low cadence (semi)recumbent cycling, swimming with the aid of a
floatation device, or rowing at mild-intensity levels. EIbow and knee braces should also be
worn during exercise for joint protection. Similar to above, exercise progression should be
slowly and carefully instituted, and each increment depends on the successful completion of
the last. Physical therapy should be incorporated along with supervised exercise training in
this particular patient population to avoid worsening joint damage, joint instability, and pain.

Management: Pharmacologic Treatment

Main Points:

1. While suppression of tachycardia is generally considered in conditions of
symptomatic sinus tachycardia, in some cases symptoms may not be completely
alleviated.

2. Pharmacologic agents targeting differing mechanisms have been used, such as
betablockers, ivabradine, pyridostigmine, fludrocortisone, and midodrine among
others.

3. Pharmacologic therapy is generally used in conjunction with other treatment
modalities such as lifestyle changes, exercise training, and cognitive behavioral
therapy.

Treatment of sinus tachycardia should first target underlying conditions such as
hyperthyroidism, adrenal insufficiency, infections, hypotension, and drug side effects.
However, in sinus tachycardia may be unexplained, idiopathic or “dysautonomic”. The two
most common forms of sinus tachycardia for which the underlying condition is not well
understood are POTS 49:50.170 gng |ST49:55,

Palpitations in POTS and IST are often caused by sinus tachycardia (or catecholamine
effects) but suppressing sinus tachycardia with drugs or ablation may not always eliminate
palpitations and other symptoms. Presumably the residual symptoms are due to anxiety,
increased cardiac awareness (hypervigilance), or possibly increased contractility due to
sympathetic drive.
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Patients with POTS or IST frequently present with symptoms not involving the
cardiovascular system. In the case of POTS this has led to the concept of POTS Pure
(hemodynamic symptoms alone) and POTS Plus (associated with other systemic symptoms).
It is not always easy to distinguish between POTS and IST, and their treatments differ in
some respects. Physicians should openly discuss these issues with patients: successfully
suppressing sinus tachycardia may not suppress palpitations, and successfully suppressing
palpitations might not remove all or even most troublesome symptoms. In some or most
cases, a slight reduction in heart rate can improve symptoms, but a more aggressive
reduction in heart rate can worsen symptoms.

Postural Orthostatic Tachycardia Syndrome#9.50.170

Several pharmacologic approaches have been tried, and many are successful in short term
trials. However, none has been tested in longer term studies. These drugs may affect the
heart rate response but may not improve symptoms.

Midodrine® is a prodrug metabolized to a peripheral alpha-1 adrenergic receptor
agonist that enhances vasoconstriction and venoconstriction, with subsequent
increases in venous return, cardiac preload, and stroke volume. It is short

acting and should be taken tid (2.5-15 mg/dose), but not within a few hours

of lying down or going to sleep. A single dose can be used for acute symptom
management. Midodrine, in theory, is likely to benefit patients with a tendency
to hypotension and of lesser benefit in patients with hyperadrenergic symptoms,
although it may lead to an indirect decrease in adrenergic tone. Scalp tingling
and ‘goosebumps’ are common annoying side effects.

Propranolol at low doses (10-20 mg gid) may improve exercise capacity and
symptom control. In a randomized trial2%7, higher doses were less effective

at symptoms improvement (although more effective at heart rate control), and
long-acting formulations are generally ineffective in controlling symptoms. Side
effects may include worsening of exercise tolerance and fatigue.

Pyridostigmine is a peripheral acetylcholinesterase inhibitor that increases
synaptic acetylcholine and may be helpful when used in combination with
a beta-blocker to reduce orthostatic tachycardia and improve symptoms. It
frequently causes diarrhea and may be particularly well tolerated in patients with
constipation. It also can contribute to bladder irritability. This can be started at a
dose of 30 mg TID and can often safely be increased up to 60-90 mg TID.

Fludrocortisone promotes fluid retention and may increase plasma volume
and therefore maintain orthostatic preload. Typical doses range from 0.05-0.3
mg/day, as higher doses may be associated with greater side effects. Side
effects include edema, hypokalemia, aggravation of migraines, and possibly
osteoporosis in young women. It may exacerbate migraine frequency and
symptoms. Plasma electrolyte concentrations, especially potassium, should be
monitored.

Ivabradine may be an effective alternative particularly when the patient
has prominent symptomatic orthostatic tachycardia and is a non-responder
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to, or intolerant of, beta blockers. A study of ivabradine in patients with
hyperadrenergic POTS reported a reduction in heart rate, improvement in
quality-of-life, and a strong trend in reduction of norepinephrine levels upon
standing.%° A typical starting dose is 5 mg BID, with titration up or down in the
range of 2.5-7.5 mg BID.

Central sympatholytic drugs are occasionally used, particularly in patients with
hyperadrenergic POTS, but may not be tolerated in patients with any degree of
orthostatic hypotension. They have prominent side effects that include sedation
and dry mouth. Drugs include clonidine 0.1 to 0.2 mg up to 3 times per day,
and methyldopa 125 mg to 250 mg once or twice daily. The longer half-life

of methyldopa or a slow-release clonidine patch is often better tolerated than
short-acting oral clonidine.

Desmopressin, octreotide, atomoxetine, and other interventions have been
considered with less convincing evidence.

Inappropriate Sinus Tachycardia®?:5°

Pacemaker function of the sinus node is the result of over a dozen ion channels, of which,
I, the funny current, is the most important. Sinus rate is importantly modulated by the
sympathetic and parasympathetic nervous system.

Ivabradine is an l¢ inhibitor that reliably reduces heart rate and most symptoms of
palpitations. However, the studies to date1%8 have been either acute randomized
trials198 have been either acute randomized trials'9 or longer-term open label
follow-up studies. This is an important limitation because we do not know how
much symptoms may fluctuate or diminish over time. Nonetheless, the drug is
generally well-tolerated when given in doses of 2.5-7.5 mg twice daily. Beta
blockers can also be used. In a small, randomized crossover trial both metoprolol
and ivabradine suppressed sinus tachycardia, but ivabradine was moderately
more effective, and the doses of metoprolol that were used frequently caused
symptomatic hypotension290,

Generally speaking, the treatment of POTS and IST has improved markedly in the past 15
years. When used with comprehensive lifestyle modification and strong supportive measures
most patients respond sufficiently well to return towards a normal life. However, substantial
clinician empathy and effort, and patient persistence, are essential requirements in order to
achieve treatment benefit.

Management: Invasive management

Main Points:

Invasive approaches to ablate the sinus node to mollify sinus tachycardia are
not established; such an approach may cause more harm than good and must be
considered only for the most refractory inappropriate sinus tachycardia patients.

For patients with inappropriate sinus tachycardia and POTS, emerging
technologies that modify sinus rate without affecting the sinus node directly
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(sinus node sparing hybrid ablation) may prove to be an effective and safe
therapeutic option in patients with symptomatic drug-resistant IST and POTS.
but these techniques are not yet established to treat sinus tachycardia.

3. No controlled trial of interventional techniques to modify the sinus node show
symptom improvement; the relationship between sinus rate and symptoms is not
robust.

4, Techniques to identify which patient may benefit from sinus node modification

are not available.

For patients with sinus tachycardia that is normal or physiologic in response to a condition,
management should be directed to the underlying cause, and invasive management is not
attempted. Invasive management can be considered in refractory cases of inappropriate
sinus tachycardia who have failed appropriate and optimal medical therapy and lifestyle
interventions. Ablation should be considered as the last resort in treating these patients.
Since these IST patients have a generally benign prognosis and only a very narrow group of
patients likely benefit from invasive management, sinus node modification, surgical ablation,
and sympathetic denervation are not recommended (Class 1l recommendation) as routine
intervention for IST.49

Ablation is targeted to limit or stop sympathetic inputs into the sinus node, and surrogate
markers of this reduced effect such as heart rate reduction, are used as clinical endpoints.
However, heart rate control does not always correlate to symptom improvement. If invasive
management of IST is being considered, ablation should be reserved for patients with
disabling palpitations as their predominant symptom during episodes of tachycardia, rather
than other symptoms such as shortness of breath or chest painZ01,

With invasive management, patients should also be informed that repeat ablation attempts
are frequently required and carry a significant risk of need for permanent pacemaker along
with the prospect of pacemaker generator changes over the course of patients’ lives. In
patients with POTS, sinus node modification is simply harmful. These patients frequently
have inappropriate vasodilation or insufficient vasoconstriction resulting from autonomic
pathology, and ablation in this cohort will prevent the sinus node’s ability to increase the
heart rate during position change. By limiting the compensatory mechanism to maintain
cardiac output in POTS patients, severe orthostatic hypotension can result.”>292 While
tachycardia-mediated cardiomyopathy from IST has been reported in isolated case reports,
these cases were responsive to ivabradine 203204 and so invasive management also is not
recommended in this group.

Endocardial ablation

While the diagnosis of IST is usually based on ECG and ambulatory monitoring, even with
the pursuit of invasive management, an electrophysiology study should be performed to rule
out other supraventricular arrhythmia mechanisms prior to sinus node modification. The
sinus node, or sinoatrial nodal complex, extends in a cranial-to-caudal orientation along

the superolateral epicardial right atrial wall at the superior vena cava (SVC) - right atrial
junction.29 Typically, faster sinus node rates involve the superior aspect of the sinus node,
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and ablation is typically targeted here.206:207(Appendix 1) Ablation of the entire sinus node
is no longer performed, due to the development of junctional rhythm requiring permanent
pacemaker206,

Epicardial ablation and autonomic modulation

When the endocardial approach is unsuccessful, usually due to the proximity of the sinus
node to the phrenic nerve in about 18% of cases, then alternate approaches should be
employed.208:209 An epicardial approach from a subxiphoid pericardial access may allow
for effective ablation because the sinus node is predominantly epicardial.210-211 |n addition,
endocardial target sites that showed phrenic nerve capture may correspond to epicardial
sites without phrenic nerve limitations. In those instances where the phrenic nerve requires
protection, a pericardial balloon can be deployed to push the phrenic nerve from the
targeted ablation site.212-214 Typically, a deflectable sheath is used with an anterior approach
for pericardial access to facilitate the positioning of the balloon along the lateral right
atrium.212 Minimally invasive thoracoscopic surgery with use of bipolar radiofrequency
clamp or cryoablation, 75:205.215-219 ‘jsp|ation of the superior right atrium from the rest of
the atrium?17,:218.220 and inferior vena cava isolation 295217 are alternative approaches.

Autonomic modulation can be performed during a minimally invasive approach, with
concurrent ablation of epicardial fat pads to modify autonomic input into the sinus node
region.215.217.220 Case reports of stellate ganglion block and renal sympathetic denervation
have also been described’221-223 \While some patients have had successful lowering of
heart rate over months of follow-up, one case series showed lack of reduction in the heart
rate during exercise, suggesting the hormonal release of catecholamines may be able to
overcome sympathetic nerve blockade.223

In a multicenter study of 255 consecutive patients (235 females, 25.9+3.8 years), a sinus
node sparing hybrid thoracoscopic ablation procedure for drug-resistant IST or POTS using
a minimally invasive bipolar radiofrequency ablation approach was performed targeting
superior and inferior vena cavae and the crista terminalis?24. Normal sinus rhythm was
restored with symptom resolution so that medications were stopped. After 4.1+1.8 years,
normal sinus function with chronotropic response to exercise remained present.

Procedural Outcomes

Procedural endpoints can include a decrease of >20-25% or >30 bpm from the maximum
heart rate observed during isoproterenol infusion, reduction of maximum sinus rate to <
120 bpm during isoproterenol infusion, lowering of the resting sinus rate to < 90 bpm, or a
caudal shift in sinus node activation,201.202,206,207,212,225-228

The acute success rate of sinus node modification varies from 66 — 100% depending on

the endpoint definition.201,202,206,207,215,225-228 However, these are small studies, with the
largest series having 39 patients21. In a systematic review of 110 patients undergoing
catheter ablation for IST, 30% of patients still required rate or rhythm control medication
after the procedure and 20% needed re-ablation?%8. Recurrence rates may be higher in those
patients with longer history of 1ST201. The success rate is likely lower in patients with
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concurrent features of POTS with probable worsening of symptoms post ablation due to loss
of the compensatory heart rate increase needed to maintain cardiac output.”>-202

Complications

Complications vary from 0-14% but the true occurrence rate is limited by the small
studies.201:202,206,207,215,225-228 Approximately 27% of patients will have a tachyarrhythmia
that is not IST. Besides sinus node dysfunction including sinus pauses, common arrhythmias
post-ablation includes atrial tachycardias, comprising 71% of all non-IST arrhythmias;

these may also require catheter ablation206:210:225.228 jynctional rhythm is also frequent,
with 42% of patients having this arrhythmia, usually with recovery of a higher right

atrial rhythm within 24 hours.206:208.213 |n 3 meta-analysis from 2017, 10% of patients
required a new pacemaker implantation which was for sinus node dysfunction, junctional
rhythm, and chronotropic incompetence.2%8 Right phrenic nerve injury with diaphragmatic
paralysis?06:228 pericarditis205:213.229 S\/C stenosis206:226.230 and cardiac tamponade
during pericardial balloon placement requiring open-chest repair?12 have all been reported.

While the experience with invasive therapy for IST is limited to small case series, the
procedure is able to limit sympathetic input into the sinus node leading to heart rate
reduction, but not always symptom improvement. Randomized controlled clinical trials are
required to evaluate the efficacy of this treatment option. Invasive management of IST at this
point is a treatment of last resort and it should only be considered after failure of lifestyle
and medical therapy including ivabradine in patients with disabling symptoms. If invasive
management is ultimately pursued, patients need to be informed of potential complications,
including other arrhythmias, possible need for permanent pacemaker, and phrenic nerve
injury.

Pediatric Considerations

Main Points:

1. Maximal sinus tachycardia is age dependent decreasing most rapidly early in life
but continuing to decrease thereafter.

2. CO= HR x Stroke volume. Stroke volume (SV) is inversely related to HR.
Thus, CO increases with HR provided SV remains sufficient. This dependence
becomes most evident with orthostasis when venous return and SV are reduced
due to gravitational blood pooling, and increasing sinus tachycardia reduces CO
above approximately 120-130 bpm regardless of the cause of sinus tachycardia.

3. A common brief transient form of orthostatic hypotension, known as “initial
orthostatic hypotension”, occurs in 20-25% of healthy young volunteers and
may be associated with transient reflex sinus tachycardia into the POTS range
within the first minute of standing. Care should be taken when differentiating
POTS from mechanisms that result in hypotension such as initial orthostatic
hypotension or vasovagal syncope.
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“Normal” Maximum Heart Rate Declines with Age

The most rapid AV nodal conducted sinus tachycardia can exceed 240 bpm in a highly
stressed neonate. Even unstressed infants have a wide range of normal HR with the 99t
percentile in the 180 bpm range shortly after birth, decreasing to 160 bpm at 1 year, 110
bpm by age 12, and 100 bpm by 18231, Resting heart rate is inversely related to the lifespan
among homeothermic mammals and within individual species?32.

“Normal” Sinus Tachycardia Response to Physiological Stressors in Children???

Daily “normal” physical stressors should drive HR higher. Thus, orthostatic stress, regulated
by arterial and cardiopulmonary baroreflexes, normally increases HR by <43 bpm (under
age 19)233 with tilt or quiet standing. However, if HR exceeds 120-130 bpm during
orthostatic stress, cardiac output (CO) becomes progressively compromised?34. Indeed,
Guyton235 showed (in dogs) an increase in CO up to a transitional HR (dependent on venous
return) above which CO decreases.

The second daily normal physical stressor is exercise. CO increases, in part, due to

the skeletal muscle pump?38. Parasympathetic withdrawal and sympathetic activation

are predominantly driven by the exercise pressor reflex comprising central command,
mechanoreflexes and metaboreflexes237, and modulated by baroreflex reset to accommodate
normal pressure and HR changes.238

Syndromes of sinus tachycardia in children—A common brief transient form of
orthostatic hypotension, known as “initial orthostatic hypotension”, occurs in 20-25% of
healthy young volunteers and may be associated with transient reflex sinus tachycardia
into the POTS range within the first minute of standing23°. Care should be taken when
differentiating POTS from mechanisms that result in hypotension such as initial orthostatic
hypotension or vasovagal syncope. 240 241, Another group of younger patients with IST
caused by abnormalities of the I+ channel is tachycardic at rest which remains or increases
due to sympathetic activation when upright.234. Finally, upright hyperventilation seems
rather common and produces a POTS-like tachycardia in some children.242

Pregnancy Considerations

After conception, release of pregnancy related hormones is associated with vasodilation with
reduction in total peripheral resistance with subsequent increase in cardiac output.

During pregnancy, heart rate increases via baroreceptor-mediated alteration in autonomic
balance escalating until the third trimester. The upper limit of resting heart rate during
pregnancy is normally <100 bpm in small 243244 and large24>.246 studies when measured
recumbent after a resting period; these findings have been corroborated by a meta-
analysis.24” A large cohort study using pulse oximetry-derived data, however, indicates heart
rates can exceed 100 bpm from 18 weeks gestation (>105 bpm from 28 weeks of gestation)
in >10% of observations during healthy pregnancy.248

We recommend that any pregnant women with persistent resting sinus rates >100 bpm
detected on routinely should be further evaluated especially if accompanied by symptoms
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to rule out heart failure and other causes of sinus tachycardia. Our standards practice is
to perform a full blood count, CRP, renal function, thyroid function, cardiac troponin, NT
pro-BNP, plasma metanepherines and echocardiogram. In the absence of an identifiable
cause, IST should be considered.

However, normalization of heart rate in the immediate post-partum period can occur249.250,
It has been postulated that pregnancy-related inappropriate sinus tachycardia (PRIST)
reflects a distinct phenotype of IST resulting from hormonally mediated alterations in
baroreceptor reflex sensitivity and/or sinus node sensitivity.251-254

IST induced by pregnancy is associated with debilitating symptoms, frequent emergency
department/hospitalization visits occur with higher rates of induction of labor.250

A single case of possible IST-induced cardiomyopathy during pregnancy has been reported
(likely it was cardiomyopathy causing sinus tachycardia)2°® a recent cohort study did

not demonstrate evidence of an increase in maternal death/major adverse cardiac events
(MACE) or peri-natal mortality associated with IST in pregnancy.2%0

Regarding treatment strategies for IST during pregnancy, no evidence supports a specific
treatment. However maintaining hydration, balanced diet, appropriate thermoregulation and
regular, symptom-limited, exercise are reasonable. Medications should only be started after a
detailed discussion of the risk/benefit balance with the individual.

If pharmacological therapies are to be used p-blockers (bisoprolol, metoprolol, propanolol)
at lowest doses as necessary to alleviate symptoms. There are no human safety data on use
of ivabradine in pregnancy; some animal data suggest fetotoxicity. The European Cardiac
Society considers the use of ivabradine to be contra-indicated in pregnancy.2%6 g-blockers
can be continued during early post-partum period (even if the mother is breast feeding)
although symptom resolution generally occurs with delivery.

Sinus tachycardia may occur during the third trimester of pregnancy in women with the
supine hypotensive syndrome?57-262_|n this condition, there is a marked drop in blood
pressure in the supine position, in part, due to compression of the inferior vena cava (and,
potentially decreased aortic flow due to aortic compressions) with substantial hypotension
and reflex sinus tachycardia that is associated with symptoms of dizziness, chest or
abdominal discomfort, dyspnea, faintness, nausea, headache, fatigue, pallor, cyanosis,
anxiety, need to flex hips, unconsciousness, cardiac arrest.

Symptoms may precede or follow changes in blood pressure. The sinus tachycardia that is
present in this circumstance may blunted to some extent by vagal or utero cardiac reflex.
There may be blunted baroreflex activity and a blunted response to Valsalva efficiency
associated with an incomplete compensatory heart rate response to drop in blood pressure.
The syndrome itself occurs in 2.5-20% of women such supine hypotension with sinus
tachycardia and occur in asymptomatic women at a greater rate.

Asymptomatic women with supine hypotension tend to have much greater azygous blood
flow to compensate for impairment in flow that is present in the inferior vena cava. Women
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with large pelvic masses may also develop the same type of problem. Removal of the tumor
or delivery of the fetus is the treatment, but care must be taken for patients undergoing
spinal anesthesia for C-sections in the supine position to prevent hemodynamic collapse.
Symptoms and hypotension can be assuaged by lying in a lateral position; the left lateral
position is better to prevent liver congestion.

Gaps in Knowledge

Surprisingly, there are extensive gaps in our knowledge about how to identify pathologic
sinus tachycardia, link symptoms to sinus tachycardia, determine the relationship between
the autonomic nervous system and sinus tachycardia, assess channelopathies that may be
responsible for sinus tachycardia and to determine an approach to resolve the underlying
problems and sinus tachycardia itself for resolution in adverse outcomes that are associated
with its presence.

Conclusion

Sinus tachycardia is the most common arrhythmia that is often nothing more than

an appropriate response to physical activity. However, sinus tachycardia can become a
substantial problem that is a clinical manifestation of substantial underlying pathology
and/or reflective of the presence of autonomic dysfunction that requires careful and
complete evaluation leading to specific and substantial interventions. Sinus tachycardia may
be a persistent or paroxysmal problem for which electrophysiologists are often consulted
with the thought that sinus tachycardia may represent POTS or IST.

In this comprehensive state of the art review, we address critical issues that help distinguish
different manifestations of sinus tachycardia and address therapeutic interventions and
emerging technologies that may lead to the better care of patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Non-standard Abbreviations and Acronyms:

ST sinus tachycardia
POTS postural orthostatic tachycardia syndrome
IST inappropriate sinus tachycardia
QSART quantitative sudomotor axon reflex test
TTT Tilt Table Test
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SUSPECTED SINUS TACHYCARDIA

Supraventricular (EAT, AF/AFL, AVRT/AVNRT/SNRT) Y START APPROPRIATE TREATMENT
or Ventricular Tachycardias? SURVEILLANCE PLAN

SINUS TACHYCARDIA

(Atrial rate>100 bpm on resting ECG or
>90 bpm on 24 h ECG/telemetry)

Physiologic Sinus Tach dia (anxiety,
physical exertion, heating, dehydration,
deconditioning, prolonged bedrest)?

9

START SECONDARY SINUS TACHYCARDIA

REASSURANCE, EDUCATION ON
AVOIDANCE OF TRIGGERS

DIAGNOSTIC WORK-UP

Medication review: prescribed compounds, recreational agents, illicit drugs

Medical Hx: age, gender, chronicity, trigger, comorbidities, prior testing, previous diseases, trauma, pattern of presentation
(new onset, persistent, paroxysmal, exercise intolerance, sleep)

Body temperature: fever,

Respiratory rate, 02 sat, ABG test, BMWT: hypoxemia, pulmonary embolism, acid-base imbalances

Clino/Orthostatic BP and HR: hypovolemia, orthostatic hypotension, syndromes of orthostatic intolerance

Physical status/examination: consciousness, pulse, volume status, signs of congestion/hypoperfusion (/nitial Evaluation)
Blood count, WBC, CRP, PCT: anemia, infection, inflammation

Electrolytes, prealbumin: dysionemia, malnutrition

Hepatic and Renal function: cirrhosis, renal replacement therapy

TSH, T3, T4: thyroid disease

Glycemia, HbA+C: diabetes

Serum morning cortisol: adrenal disorder

Beta-hCG: pregnancy (Pregnancy Considerations)

BNP: heart failure; Troponin: myocardial injury

ECG monitoring, mHealth tools: symptom correlation, pattern definition (Heart Rhythm Monitoring for Sinus Tachycardia )
24 h ABPM: hypotensive syndromes

Cardiac imaging (Echo, CMR): LV/RV dysfunction, myocarditis, shunt, VHD, tamponade, pulmonary embolism,

CPET: reduced exercise i , sinus node resp to exercise, pulmonary vascular disease, deconditioning

PFTs, lung imaging: lung disease, asthma, COPD, ILD, pulmonary embolism, pneumothorax

Nocturnal pulse oximetry, polysomnography: sleep disorders

‘ SECONDARY SINUS TACHYCARDIA
UNDERLYING CAUSE PRESENT? Y START TREATMENT OF THE
N UNDERLYING CONDITION

IDIOPATHIC SINUS TACHYCARDIA

START CV AUTONOMIC WORK-UP

Active standing and Holter ECG review
Head-up tilt testing for unresolved cases
Additional Autonomic Evaluation (Valsalva
maneuver, deep breathing)

START APPROPRIATE TREATMENT

?
POTS or IST DIAGNOSIS CONFIRMED? Y SURVEILLANCE PLAN

0

Re-evaluation of secondary ST
In selected cases, consider AAbs testing if
known/suspected Autoimmune conditions (Graves'
PGD2 l serum
urine istamine if MCAS suspected,
metanephrines if Pheocromocytoma suspected

Figure 1. Evaluation of sinus tachycardia.
AADs, autoantibodies; ABG, arterial blood gas; ABPM, ambulatory blood pressure

monitoring; AF, atrial fibrillation; AFL, atrial flutter; AVNRT, atrioventricular node re-
entry tachycardia; AVRT, atrioventricular re-entry tachycardia; BNP, B-type natriuretic
peptide; CMR, cardiovascular magnetic resonance; COPD, chronic obstructive pulmonary
disease; CPET, cardiopulmonary exercise testing; CRP, C-reactive protein; EAT, ectopic
atrial tachycardia; hCG, human chorionic gonadotropin; ILD, interstitial lung disease; IST,
inappropriate sinus tachycardia; MCAS, mast cell activation syndrome; LV, left ventricle;
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PCT, procalcitonin; PFTs, pulmonary function tests; PGD2, prostaglandin D2; POTS,
postural orthostatic tachycardia syndrome; RV, right ventricle; SNRT, sinus node re-entry
tachycardia; ST, sinus tachycardia; TSH, thyroid-stimulating hormone; VHD, valvular heart
disease; WBC, white blood cells; 6MWT, 6-minute walking test.
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Central vagal inhibition and/or
sympathetic excitation

B-receptor over activity, increased
sensitivity or increased numbers

Impaired or depressed efferent
parasympathetic function

Funny channels overactivity

Excess cathecolamines
Impaired baroreflex control
Exercise
Aberrant neurohumoral modulation
CENTRAL NERVOUS SYSTEM M inic (M2) recept

B-receptor autoantibodies autoantibodies or hyposensitivity

Sinoatrial Node
Action Potential

- Normal

Membrane potential (mV)

Sym::st:\_etlc Parasympathetic
ioni post-ganglionic
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fibers fibers
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Figure 2. Autonomic control of the sinoatrial node activity and modulators of autonomic inputs.
Created with Biorender.com
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Dehydration, hyperthyroidism, hemorrhage , iron
deficiency, ia, hypoxia, hypocapni
pulmonary embolism, heart failure, trauma,

inflammatory states, infection, anxiety, pain, drugs,

Anxiety, exercise, deconditioning, Physiological Pathological

caffeine, pregnancy ST ST Icohol, smoking, hypoglicemia, valvular heart
di , dietary biog ines,
pheocromocytoma, mast cell disorders
SINUS NODE
RELATED
. TACHYCARDIAS
Sinus node . Sinus node channelopathy
Micro-reentry circuits within Inapproprlate Autonomic dysfunction

reentry ST Autoimmune dysregulation

and/or around the sinus node .
tachycardia Aberrant neurohumoral modulation

Deconditioning
Autoimmune dysregulation
Autonomic dysfunction
Increased central sympathetic outflow
Peripheral sympathetic denervation

Figure 3. Classification of Sinus Tachycardia.
Created with Biorender.com
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Heart rate increase on standing > 30 bpm; resting heart rate above 100 bpm;

Long-term post-COVID symptoms (> 3 months)
=> Abnormal sinus tachycardia?

average heart rate on 24-hour ECG above 90 bpm

History physical examination

ECG, BP, active standing test, 6-minute walk with peripheral
oximetry, basic lab tests

Autonomic pathway

CV autonomic tests
Active standing
Valsalva
Deep breathing
Tilt testing

ECG/BP monitoring
S 24-48h Holter ECG
24h ABPM

(optionally with cerebral oximetry)

Functional tests & pulmonal
Functional tests & cardiac imaging B 1w

imaging
ECHO Spirometry (with DLCO)
Exercise ECG Lung CT scan

Cardiac MR imaging Lung MR imaging

Cardiac nuclear imaging Lung nuclear imaging

Inflammatory biomarkers
Autoimmune biomarkers
Mast cell activation tests
Endocrine tests
(when appropriate)

(SPECT, PET scan)

Figure 4. Work-up of sinus tachycardia following COVID-19.
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Table 1.

Categories of Sinus Tachycardia

Characteristics Diagnostic Criteria

Page 59

Therapies

Physiologic ST See text
Pathologic ST See text

Sinus Node Reentry Micro-reentry circuit (rare)

Symptoms along with tachycardia,  Resting HR > 100 bpm, Average HR >
which can occur even while 90 bpm in 24 hours
supine

Inappropriate ST

Postural Tachycardia Symptoms along with a postural Persistent HR increase = 30 bpm with
Syndrome HR increase into tachycardic upright position (= 40 bpm in teenage
range patients), or to 2120 bpm, in the
absence of orthostatic hypotension

Assess for possible underlying
conditions

Treatment dependent upon
underlying etiology

Monitoring for most patients,
otherwise medical therapy or catheter
ablation

Pharmacologic therapy, Invasive
management (catheter ablation)

Integrated treatment plan, Lifestyle
changes, Exercise Rehabilitation,
Pharmacologic therapy

ST = sinus tachycardia. HR = heart rate
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Chronicity of Sinus Tachycardia

Page 60

Table 2.

ST pattern

Definition

Clinical features and possible etiologies

NEW ONSET

New ST episode,
of either sudden
or gradual onset,
usually caused by a
precipitating factor or
an obvious clinical
condition

More frequently expected (proportionate) physiological or pathological ST

PERSISTENT

Long-lasting episode
of ST

PAROXYSMAL

Reproducible
or sporadic
exacerbations of ST
starting and ceasing
abruptly

Careful analysis of P-wave morphology needed to rule-out atrial arrhythmias
Triggers, exacerbations and circadian variation can be relevant diagnostic clues

In the absence of any obvious explanatory trigger or underlying medical
condition, idiopathic ST syndromes should be suspected

IST may be diagnosed when heart rhythm accelerates beyond expectations and is
out of proportion to physiologic necessity (resting daytime heart rate > 100 bpm
and average heart rate on 24-h ECG monitoring >90 bpm)

Reproducible paroxysms associated with postural changes during active standing
or tilt-testing would indicate POTS (persistent increase in heart rate 230 bpm or
absolute pulse =120 bpm within 10 min in the absence of OH) or OH

Sporadic paroxysms can be related to physical or mental stress, sleep disorders,
drugs, histamine-rich diet, or idiopathic ST syndromes (POTS, IST)
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Table 3.

Core components of an exercise and rehabilitation program

Aerobic
Time . . . .
Exercise RPE Target HR Exercise Frequency/Duration Exercise Mode
Intensity
Month 1 mild-to- 11-13 50-75% HR max or 3-4 times per week (alt. days), 20-30 min (semi)recumbent bicycle
moderate reserve per session
Month 2 moderate 13-14  upto 75% HR max or extend duration by 1-5 min every 3-4 gradually progress to
reserve weeks, add a bout of exercise per week rowing, swimming, or
every 3—-4 weeks upright cycling
Month 3 moderate-to- 14-16 75-85% HR max or >3-4 times per week, 45-60 min per session  treadmill walking or jogging
high reserve

RPE, rating of perceived exertion (subjective rating of the entire cardio workout on a scale of 6-20: 6 is very, very easy; 11 is fairly easy; 13 is
somewhat hard; 15 is hard; 17 is very hard; 19 is very, very hard). HR, heart rate. Additional time should be added to each exercise session to allow
for at least a 5 minutes warm up and 5 minutes cool down both performed at low intensity (e.g., RPE=6-9).
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