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Abstract
Purpose of Review Long COVID, or post-COVID Condition, is increasingly recognized in children and adolescents, despite 
being less studied compared with the adult population. Recent studies are documenting that inappropriate sinus tachycardia 
(IST) or postural orthostatic tachycardia syndrome (POTS) may be key clinical problems in patients with long COVID, and 
preliminary findings have shown that these may be important features also in children. However, POTS and IST are poorly 
known among non-specialized pediatricians, and this gap may limit access to appropriate care for children and adolescents 
with long COVID or other post-viral fatigue syndromes. In this review, we critically evaluate the available literature investi-
gating the burden of post-COVID-19 IST and POTS in children and young people, their pathogenesis, and available evidence 
for their management in the pediatric population.
Recent Findings In line with adult studies, there is increasing evidence that also children with long COVID may suffer from 
IST and POTS. Case reports and case series, as well as pediatric experience from other conditions, suggest that IST and 
POTS can be treated also in the pediatric population
Summary IST and POTS are under-recognized conditions in children. Clinical findings as well as diagnostics like 24-h 
ECG and heart rate variability are non-invasive tests to diagnose IST and POTS. If properly recognized, these conditions 
are treatable.
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Introduction

Long COVID, or post-COVID condition, refers to the long-
term persistence of symptoms in children with a history 
of confirmed or probable SARS-CoV-2 infection. Fatigue, 
headaches, tachycardia, palpitations, post-exertional malaise, 
and brain fog are among the most commonly reported prob-
lems by patients, parents, and family associations. Presenta-
tions overlap with other post-viral syndromes such as myal-
gic encephalomyelitis/chronic fatigue syndrome (ME/CFS). 
In both these clinical syndromes, there is growing evidence 
that some of these symptoms can be due to inappropriate 
sinus tachycardia (IST) or postural orthostatic tachycardia 
syndrome (POTS). However, these conditions are poorly 
characterized in the pediatric populations and, as a conse-
quence, poorly understood by pediatricians, with subsequent 
reduction in clinical recognition of these issues and negative 
impact on access to appropriate care experienced by patients 
and families.
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In this review, we critically evaluate the available litera-
ture investigating the burden of post-COVID-19 IST and 
POTS in children and young people, their pathogenesis, 
and available evidence for their management in the pediat-
ric population.

POTS and IST Introduction: Epidemiology 
and Definition

Inappropriate sinus tachycardia (IST) and postural ortho-
static tachycardia syndrome (POTS) are syndromes with 
overlapping clinical features of excessive sinus tachycardia. 
While the elevated heart rate (HR) in POTS is predomi-
nantly triggered by orthostatic stress, IST is defined as a 
fast sinus rhythm (> 100 bpm) at rest or during minimal 
activity that is out of proportion with the level of physical, 
emotional, pathological, or pharmacological stress [1].

IST is usually persistent and mainly affects young 
women, with an incidence ratio of 4:1 compared to men and 
an average age between 15 and 45 years [2]. Its prevalence 
is unclear because several confounding variables, including 
different definitions, appear to influence its estimates. A 24-h 
Holter ECG with an average HR > 90 bpm and an exag-
gerated HR response > 100 bpm during daylight hours is 
diagnostic. The HR pattern (rapid, but not abrupt, warming 
up and slow cooling down) is useful, as it can be diagnostic 
of sinus tachycardia and allows exclusion of supraventricu-
lar tachycardias, which are most often characterized by an 
abrupt onset and end (“on-off” pattern) [3]. Symptoms are 
variable and range from asymptomatic or mildly sympto-
matic forms to patients presenting with dyspnoea, dizziness, 
and light-headedness.

POTS is defined as a clinical syndrome usually charac-
terized in adults by an increase in HR of > 30 bpm when 
standing for > 30 s, in the absence of orthostatic hypoten-
sion (> 20 mmHg drop in systolic blood pressure during the 
position change) [4]. The prevalence of POTS is 0.2%, and 
it represents the most common cause of orthostatic intoler-
ance in the young, with most patients aged between 15 and 
25 years, more than 75% being female. POTS is diagnosed 
during a 10-min active or passive stand test or head-up tilt 
test with non-invasive hemodynamic monitoring [5–7]. 
Although the exact relationship between IST and POTS is 
unknown, the overlapping multisystemic and autonomic 
abnormalities seen in selected IST patients suggest that 
these two syndromes may share some common pathophysi-
ologic mechanisms [8]. The mechanism is still not clear, 
but it is likely to be multifactorial. Also, viral infections like 
COVID-19 may lead to an autonomic imbalance that could 
manifest with POTS or IST [9]. Specifically, Sandroni et al. 
have reported that up to 50% of patients with POTS reported 

a history of infection closely preceding the onset of their 
POTS symptoms [10].

IST and POTS as Sequelae of COVID‑19 
Infection

Coronavirus disease 19 (COVID-19) is a viral illness caused 
by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). Declared a global pandemic in March 2020, it has 
infected over 500 million individuals and caused more than 
6 million deaths [11]. While severe respiratory manifesta-
tions and multi-organ failure may occur in as many as 15% 
and 5% of cases, 80% present as paucisymptomatic and self-
limiting [12]. Increasing evidence suggests that long-term 
multi-organ manifestations, together with its associated 
symptoms, may persist after the acute phase of the infection 
[13–15] in the form of “long COVID” [16, 17]. Despite no 
universally accepted definition, long COVID is generally 
defined as the persistence of symptoms after 8–12 weeks 
from the SARS-CoV-2 infection [18]. It may be divided into 
two phases based on symptom duration: an ongoing sympto-
matic phase if symptoms last between 4 and 12 weeks and a 
post-COVID-19 syndrome if symptoms persist more than 12 
weeks. The World Health Organization (WHO) has recently 
defined post-COVID-19 as the persistence of symptoms at 3 
months from the initial infection and that last for > 2 months, 
in the absence of other possible causes [19]. In literature, 
post-acute COVID-19 syndrome, post-acute sequelae of 
COVID-19 (PASC), and long-haul COVID have also been 
used interchangeably to describe long COVID-19 [20–22].

Its prevalence is unclear, as numerous confounding vari-
ables, including varying definitions, seem to influence esti-
mates. In adults, a UK survey from November 2020 suggests 
that approximately 20% of patients reported persistence of 
symptoms after 5 weeks from the acute infections and 10% 
reported symptoms after 12 weeks [22]. On the contrary, 
research clearly links the risk of long COVID with several 
risk factors, including female sex, increasing age, and obe-
sity [23].

Its heterogeneous clinical manifestations are multisys-
temic and include fatigue; pain and headaches; cardiopul-
monary symptoms such as chest pain, dyspnea, arrhythmias, 
hypertension, postural hypotension, and exercise intoler-
ance; gastrointestinal symptoms; neuropsychiatric symptoms 
(olfactory and gustatory dysfunction, anxiety and depres-
sion, cognitive impairment or brain fog, memory deficits, 
difficulty concentrating, sleep disturbances, Guillain-Barré 
syndrome, seizures); and skin rashes [24].

Among its clinical manifestations, dysautonomia 
appears to be an under-recognized and multi-faceted patho-
physiologic event with potential implications on various 
organ systems, including the cardiovascular system. Recent 
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evidence has unveiled a link between COVID-19 and the 
appearance of dysautonomic conditions, such as POTS and 
IST, which may be characterizing signs and symptoms of 
long COVID [25].

There are several non-mutually exclusive pathophysi-
ological mechanisms that might be associated with post-
COVID POTS. One is hypovolemia: fever, nausea, anorexia, 
weight loss, and nocturnal sweating might operate together 
to decrease blood volume. Moreover, prolonged bed rest and 
deconditioning can be part of a vicious cycle involving low 
stroke volume, high sympathetic adrenergic and noradrener-
gic system outflows, exercise intolerance, and fatigue. Sec-
ond, SARS-CoV-2 may infect and destroy extracardiac post-
ganglionic neurons of the sympathetic noradrenergic system 
(SNS), thus increasing cardiac SNS outflow in a manner 
analogous to neuropathic POTS. This may cause splanchnic 
venous pooling or a failure of reflexive mesenteric vaso-
constriction during orthostasis. Although myocardiocytes 
express the ACE2 receptor that allows viral access to the 
cell, autopsy studies do not suggest direct myocardial lesions 
in COVID-19. Third, the virus could invade the brainstem 
and alter the functions of medullary centers, resulting in 
increased central sympathetic outflows and psychiatric 
comorbidities, such as anxiety and depression. Fourth, auto-
immunity after the infection, in the form of autoimmune 
markers and autoantibodies, has been widely described in 
the literature [26, 27] (Fig. 1).

Dysautonomia, together with other pathophysiologi-
cal mechanisms, appears to be a shared trait in both IST 
and POTS. COVID-19 may damage the cardiovascular 
system by other mechanisms, such as hyper-inflamma-
tion, hypercoagulability, and dysfunction of the renin-
angiotensin-aldosterone system, and may also provoke 
pulmonary injury or exacerbate underlying lung disease 
to cause desaturation and reflex tachycardia. Decreased 
parasympathetic activity due to M2 receptor autoantibody 
or hyposensitivity may lead to decreased vagal inhibitory 
activity on the sinus node. A 2022 study by Aranyó et al. 
[28] investigated the pathophysiological mechanisms 
of IST in patients after COVID-19 infection. The study 
revealed a decrease in HR variability parameters, mostly 
related to cardiovascular tone in patients with IST, in 
the absence of underlying structural heart disease, myo-
cyte injury, hypoxia, or an inflammatory state. For this 
reason, it has been hypothesized that cardiac autonomic 
imbalance with a decrease in parasympathetic activity in 
favor of increased compensatory sympathetic tone is the 
causative mechanism of the IST in patients after COVID-
19. The hypoactivity of the parasympathetic tone could 
explain not only the tachycardia, but also all the prevalent 
symptoms that often are present in the post-COVID-19 
syndrome such as fatigue, gastrointestinal discomfort, 
headache, sore throat, neuro-cognitive disorder, and 
altered sleep structure.

Fig. 1  Potential pathophysi-
ological mechanisms that might 
be associated with long COVID 
POTS and IST (created with 
Biorender.com)
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Management in General Population 
and Post‑COVID‑19 Syndrome

The management of these arrhythmias (POTS and IST) 
involves a pharmacological and non-pharmacological 
approach [29, 30]. The management of post-COVID-19 
tachycardia syndromes is similar to that of non-COVID-
19-related POTS and IST.

Physicians should collect the patient’s past medical his-
tory, asking about symptoms that suggest possible signs of 
autonomic dysfunction, such as gastrointestinal or urinary 
dysfunction, abnormal sweating, acrocyanosis, dry mouth, 
and unexplained fever [31]. The clinical history should 
focus on the problematic symptoms such as fatigue, dizzi-
ness, and syncope, defining the chronicity of the condition, 
possible causes/triggers of orthostatic tachycardia such as 
weight loss or underweight, dehydration, modifying fac-
tors, impact on daily activities, potential triggers, and fam-
ily history. Particular attention should be focused on the 
patient’s diet and activity history [32]. Selected patients 
might benefit from a thyroid function test and hematocrit, 
24-h Holter, transthoracic echocardiogram, and exercise 
stress testing.

Non-pharmacological management of IST involves life-
style modification, firstly by avoiding triggers or stimulants 
such as caffeine, nicotine, and alcohol. Symptom-driven 
physical inactivity often leads to significant physical 
debilitation and consequent psychosocial effects such as 
withdrawal from activities and low mood or anxiety.

Non-pharmacological treatments for POTS include 
increasing blood volume with more salt and > 2 L/day 
fluid intake, reducing venous retention with compres-
sion clothing, and limiting deconditioning. In addition, 
patients should cautiously engage in a regular, gradual, 
and supervised exercise program (where tolerated) that 
includes aerobic reconditioning and resistance training for 
the thighs, initially started supine.

Pharmacological treatments should be considered if 
individuals present with debilitating or persistent symp-
toms despite the use of non-pharmacological management 
techniques, but medical treatment of IST or POTS is not 
universally effective [33].

Non-selective ß1 selective therapy is the most common 
initial therapy; however, these medications are poorly tol-
erated, even if their titration is not limited by hypotension 
or side effects [4, 34]. Non-selective beta-blockers are 
also preferable by blocking epinephrine-mediated beta-2 
vasodilation. Low-dose oral propranolol acutely lowers 
the standing HR and improves symptoms [35]. Similarly, 
calcium channel blockers have had limited use [36]. If 
ß-blockers and calcium channel blockers are ineffec-
tive, ivabradine, a funny current I(f) inhibitor, has shown 

significant promise in the treatment of IST, with studies 
demonstrating its superiority in terms of both effectiveness 
and tolerability, when compared to beta-blockers and other 
available therapies [37, 38]. In a prospective observational 
study involving a total of 55 patients with COVID-19-as-
sociated POTS, started on ivabradine 5 mg twice daily, 
43 of 55 (78%) patients reported significant improvement 
of the symptoms within 7 days of ivabradine therapy. The 
24-h HR (minimum, average, and maximum) was sig-
nificantly lower, with a significant difference in HR vari-
ability time-domain parameters after ivabradine therapy 
[39]. These results are in line with those of another study 
that compared ivabradine (5 mg twice daily) and carve-
dilol (3.125 mg twice daily) in 24 patients who developed 
sinus tachycardia after COVID-19 infection. Although 
both were effective in controlling HR in post-COVID-19 
patients without any comorbidities, ivabradine is more 
effective in controlling HR than carvedilol. Furthermore, 
the ivabradine group scores very high in “patient satisfac-
tion” with regard to symptom relief (palpitation). Possible 
mechanisms behind these findings are the possible action 
of ivabradine on the sinus node, which appears to be more 
effective than atrio-ventricular blockers [40].

With regard to POTS, midodrine administered three times 
a day may be considered to improve symptoms related to 
tachycardia [20].

Pyridostigmine, a cholinergic agonist that inhibits acetyl-
cholinesterase, may also increase parasympathetic activity, 
with a low risk of hypertension. However, the drug can cause 
abdominal pain, diarrhea, and muscle cramps [41].

Current guidelines recommend the administration of 
ivabradine with a beta-blocker whenever possible; this com-
bination may be more beneficial than each drug alone for 
IST and POTS. Radiofrequency sinus node (SN) modifica-
tion is not recommended [4]. For these interventions, caution 
is needed in young women and adolescents of childbearing 
age, with pregnancy status to be assessed.

POTS and IST in Children and Young People

For children and adolescents, the diagnostic criteria of POTS 
include symptoms of orthostatic intolerance together with 
a normal supine HR and an HR increase of at least 40 bpm 
during position change or a maximum HR over 130 bpm 
for children aged 6–12 years and > 125 bpm for adolescents 
aged 13–18 years in the first 10 min of an active standing 
test or during the passive head-up tilt test, in the absence 
of orthostatic hypotension characterized by a reduction in 
systolic blood pressure (SBP) of more than 20 mmHg or a 
reduction in diastolic blood pressure (DBP) by more than 
10 mmHg. POTS is an underdiagnosed and undertreated 
disease, so it is difficult to estimate its incidence. A Chinese 
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study that enrolled 600 patients aged between 7 and 18 years 
revealed an incidence of 6.8%. Unlike the disease in adults, 
which has a female prevalence, no significant difference 
between the two sexes was found in this study [42]. To date, 
although the precise pathophysiology underlying pediatric 
POTS remains unclear, some literature data suggest a mul-
tifactorial pathogenesis even in the pediatric form.

The main causes investigated include hypovolemia in the 
context of volume dysregulation, hyperadrenergic states, 
autoimmunity, peripheral autonomic neuropathy, and exces-
sive venous pooling [43]. From the study cited above, low 
fluid intake and consequent low blood volume were asso-
ciated with a higher incidence of POTS. Indeed, children 
who consumed less than 800 mL/day had a 3.8 times higher 
incidence than those who consumed more. Autonomic nerve 
dysfunction also plays a central role in children. Studies have 
shown increased baroreflex sensitivity (BRS) and elevated 
plasma noradrenaline levels in orthostatism in children with 
POTS [44, 45]. In a trial that included 46 children aged 12 
+/− 3 years with POTS and twenty healthy children aged 12 
+/− 4 years, flow-mediated vasodilation (FMD) and plasma 
concentrations of nitric oxide (NO) and NO synthase (NOS) 
activity were investigated. The FMD of each participant’s 
brachial artery was measured by color Doppler vascular ultra-
sound. Patients in the POTS group had a higher FMD (10.8 
+/− 4.4%) than children in the control group (5.7 +/− 2.2%, 
P < 0.01). Furthermore, plasma levels of NO and NOS were 
significantly higher in the POTS group. Hence, vasodilation 
and vascular endothelium dysfunction may play an impor-
tant role in this population [46]. Autoimmunity would also 
seem to play a causal role [47]. POTS patients appear to have 
higher autoimmune marker levels (e.g., antinuclear antibody 
(25 vs. 16%) and antiphospholipid antibody), as well as an 
increased incidence of comorbid autoimmune diseases such 
as Hashimoto thyroiditis, rheumatoid arthritis, systemic lupus 
erythematosus, and common variable immunodeficiency 
[48]. Although the causative role of infections, including 

COVID-19, in the adult form suggests a similar role in pedi-
atric POTS, data is scarce.

Petracek et al. describe a case of a 19-year-old male with 
confirmed COVID-19, who developed orthostatic symptoms 
within 2 weeks of diagnosis [49•]. An orthostatic stand-
ing testing revealed a striking 70 bpm increase in HR from 
supine to standing, consistent with a diagnosis of POTS. 
Another case report documented the onset of POTS in a 
16-year-old boy 6 weeks after infection with COVID-19. In 
fact, after undergoing a 10-min passive standing test, there 
was an increase in HR of 64 bpm, from 49 bpm supine to 
a peak of 113 bpm standing, associated with a worsening 
of orthostatic symptoms, and in the absence of orthostatic 
hypotension [50•].

After diagnosis, health education remains the fundamen-
tal strategy, followed by non-pharmacological and pharma-
cological interventions. First of all, children and parents 
must be educated on the possible triggers, such as long 
periods of standing, sudden head-up postural changes, and 
high ambient temperatures, and on strategies to avoid them. 
Most of these factors, mediate their effect through vasodila-
tion with consequent blood pooling and decreased effective 
circulatory volume. Infection, sympathetic activation, and 
lack of sleep may aggravate symptoms [51] (Fig. 2).

Non-pharmacological management of POTS aims at 
increasing fluid intake by improving effective circulatory 
volume and venous return [52••]. Notably, the intake of at 
least 2–3 L of water per day and increased sodium intake 
is recommended [52••]. An indicator of the effectiveness 
of salt supplementation in children with POTS may be the 
24-h urinary sodium excretion. Zhang et al. [53] compared 
24-h urinary sodium levels before treatment between POTS 
children and healthy controls. The results showed that, com-
pared to the control group, the 24-h urinary sodium level 
at baseline was low in the POTS group (117.09 ± 58.63 
mmol/24 h versus 193.88 ± 91.12 mmol/24 h, P = 0.004). 
Furthermore, symptom severity was negatively correlated 

Fig. 2  Potential pathogenetic 
mechanisms involved in POTS 
and IST in children and adoles-
cents. POTS, postural orthos-
tatic tachycardia syndrome; IST, 
inappropriate sinus tachycardia
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with 24-h urinary sodium excretion. Children with POTS 
are advised to appropriate initial supine physical exercises 
to improve the pumping function of the limb muscles and 
autonomic nervous system exercises to improve autonomic 
tone. Indeed, some investigators have found that a regular 
and progressive short-term exercise program leads to an 
improvement in symptoms in patients with POTS [54]. 
However, caution should be taken to start slowly in those 
with post-COVID condition/syndrome where post-exertional 
malaise (PEM) is present to ensure that any exercises do not 
cause exacerbation of the condition. In fact, when POTS 
is present in the context of PEM, several experts suggest 
that pushing patients to train beyond their tolerance thresh-
old can cause severe malaise for the following days, and a 
recent rigorous study in adults, based on muscle biopsies and 
metabolic studies, demonstrated that muscle abnormalities 
worsen after post-exertional malaise in long COVID [55]. As 
a consequence, gradual exercise should always be balanced 
with pacing strategies teaching the patient to train arriving 
to the tolerated threshold of heart rate and fatigue.

If these interventions are ineffective, pharmacologi-
cal therapies should be applied to solve specific issues. 
β-adrenoreceptor blockers, which are considered first-line 
drugs, can reduce the effect of catecholamines by acting 
on β1 receptors to reduce the increase in HR and allevi-
ate symptoms. However, not all children responded to beta-
blocker therapy. In the study by Zhang et al., 27 children 
with POTS received metoprolol treatment, and their ortho-
static plasma norepinephrine levels were measured by the 
high-performance liquid chromatography method. Only 
patients who had an elevated norepinephrine level (> 3.59 
pg/mL) responded to metoprolol therapy [41]. Another 
marker for predicting the effect of metoprolol in children 
and adolescents with POTS is the plasma copeptin assay. A 
trial showed that the plasma copeptin level, as measured by a 
sandwich immunoluminometric test, was higher in children 
with POTS than in controls and was lower for responders 
than for non-responders to metoprolol (9.377 ± 1.411 vs. 
12.054 ± 1.662 pmol/L, P = 0.003). Baseline plasma copep-
tin level could be used as a biomarker to predict the thera-
peutic efficacy of metoprolol in children with POTS [56].

Metoprolol has been proposed as a possible drug to use, 
with an initial dose of 0.5 mg/kg/day in treating pediatric 
POTS (108) and a maximum dose of 2 mg/kg/day in severe 
cases, based on symptoms [57].

Oral midodrine hydrochloride, which is enzymatically 
hydrolyzed into the selective 1-adrenoceptor agonist desgly-
midodrine, theoretically helps treat POTS by constricting 
veins and arteries to increase venous return. Treatment with 
midodrine was compared with beta-blockers in a retrospec-
tive study of 121 adolescents with POTS who had undergone 
autonomic reflex screening at the Mayo Clinic from 2002 
to 2005. In this study, beta-blockers were more effective in 

improving symptoms than those treated with midodrine. 
In contrast, another study compared midodrine hydrochlo-
ride (2.5 mg/day) plus conventional therapy (that included 
increased water and salt intake, avoidance of predisposing 
situations, maneuvers to prevent blood pooling in the limbs 
and lower extremities such as leg crossing) (group I) with 
metoprolol plus conventional therapy (group II) and with 
conventional therapy alone (group III). The symptom score 
and the symptom recurrence rate in group I were signifi-
cantly lower than in group II and group III, respectively [58]. 
Several trials have been conducted to evaluate markers pre-
dictive of response to this drug; the ones that have shown 
some usefulness and correlation with response to therapy are 
measurement of plasma mid-regional pro-adrenomedullin 
(MR-proADM) [59], erythrocyte production of H2S [60], 
and flow-mediated vasodilation (FMD) [43]. Additionally, 
copeptin plasma levels (> 10.5 pmol/L) and SBP drops in 
changing from a supine to an upright position can well pre-
dict the long-term asymptomatic survival rate of pediatric 
POTS patients given oral midodrine hydrochloride [51, 56]. 
For those who have drug allergies or a blood pressure read-
ing that is higher than 95% of the average for people their 
age and sex, midodrine is contraindicated. The daily dose of 
midodrine hydrochloride is advised to be split into several 
administrations, as it has immediate and fleeting effects (the 
duration of action of midodrine is approximately 4 h). Due 
to the possibility of developing hypertension while lying flat, 
the medication should only be taken during the day and no 
earlier than 4 h before bed (106); as a result, blood pressure 
should be monitored while under treatment [61]. This side 
effect is more common in adults; it is rarely seen in adoles-
cents and the pediatric population.

Some forms of POTS have been shown to be associated 
with high levels of antibodies against acetylcholine recep-
tors. Pyridostigmine may be useful in this group of patients. 
Acetylcholinesterase inhibition has been shown to increase 
aortic and carotid baroreceptor sensitivity and may increase 
peripheral vascular resistance and reduce symptoms of 
orthostatic intolerance [62]. A single-center retrospective 
study including 300 patients aged 26 ± 12 years and POTS 
demonstrated an improvement in symptoms (fatigue, palpi-
tations, presyncope, and syncope) in patients who received 
and tolerated pyridostigmine. The reduction in symptoms 
was correlated with a statistically significant improvement 
in upright HR and diastolic blood pressure after treatment 
with pyridostigmine compared to baseline hemodynamic 
parameters. The overall efficacy of pyridostigmine was seen 
in 42% of total patients or 52% of patients who could tol-
erate taking the drug. Gastrointestinal problems were the 
most common adverse effects reported [63, 64]. Ivabra-
dine is a selective and specific inhibitor of the I(f) current 
blocker that acts at the level of the sinoatrial node to cause 
a decrease in HR in patients with sinus rhythm and heart 
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failure (HF) or angina. Ivabradine has shown favorable 
results in adult patients with POTS and IST. Donne et al. 
retrospectively evaluated the efficacy of ivabradine in the 
treatment of POTS in the pediatric population (n = 22) with 
a median age of 14.5 years. During the median follow-up 
period of 4.6 months, most participants (68%) reported an 
improvement in symptoms [65].

Little is known about the long-term prognoses for pedi-
atric patients with POTS. Heterogeneous pathophysiology 
leads to a common phenotype, but prognosis depends on 
the underlying etiology [66]. A survey from a single tertiary 
center conducted by using a mailed questionnaire suggests 
a good overall prognosis among adolescent patients with 
POTS, with 86% reporting symptom improvement or reso-
lution at 5. Four years after diagnosis [67]. Another center 
showed improvements among young adult patients with 
POTS (aged 20–33 years) over a mean follow-up period of 
92 ± 41 months [68].

With regard to the pediatric IST, evidence is very scarce. 
The only study published to date found that 15.4% of the 
479 adolescents enrolled suffered from IST with a 24-h 
heart rate ≥ 95 bpm. They also found that the risk of IST was 
higher in adolescents suffering from attention deficit disorder 
and hypertension [69]. In the case series reported by Atik 
et al., two children with IST were treated: in the first case, 

beta-blocker therapy resulted in regression of the patients’ 
symptoms, whereas in the second case, despite previous 
treatment with beta-blockers and then with ivabradine, the 
patients’ symptoms did not improve, and therefore, treatment 
with midodrine was initiated [67]. A recent analysis compar-
ing 28 adolescents who developed IST (n = 13) and POTS 
(n = 15) after COVID-19 and/or vaccination versus 64 ado-
lescents who had developed dysautonomia due to psychoso-
matic diseases prior to the COVID-19 pandemic showed that 
low-dose propanol and to a lesser extent ivabradine followed 
by omega-3 significantly reduce elevated HR in patients with 
IST and increases in HR in patients with POTS and may 
be useful in these children with dysautonomia regardless 
of whether it is related to COVID-19 infection or not [70]. 
Romeo et al. described the case of a 16-year-old adolescent 
with IST-induced cardiomyopathy. The patient was resistant 
to treatment with conventional rate-reducing drugs and was 
therefore started on ivabradine. After 3 months of therapy, an 
improvement in ejection fraction and an effective reduction 
in HR was observed in the absence of side effects [71••]. A 
study evaluated the efficacious and safe dose of ivabradine 
in children with dilated cardiomyopathy and symptomatic 
chronic heart failure from ages 6 months to 18 years.

Ivabradine was administered as an oral liquid at an ini-
tial dose of 0.02 mg/kg twice daily for children aged 6 to 

Table 1  Pharmacological options for POTS and IST in adults and children/adolescents

Medication Suggested dose in adults Suggest dose in children and adolescents (below 
the age of 18)

Beta-blocker (bisoprolol, metoprolol, 
propranolol, nebivolol)

Depending on the specific medication
Metoprolol: 100–200 mg daily
Propanolol: 10–20 mg, ≤ 4× daily

No data about safety profile in this population
An observational study investigated an initial dose 

of metoprolol of 0.5 mg/kg per day in treating 
pediatric POTS (108) and a maximum dose of 2 
mg/kg per day in severe cases [57]

Midodrine hydrochloride (only for POTS) 2.5–7.5 mg, 3× daily (the first dose taken in the 
morning before getting out of bed and the last 
dose taken no later than 4 PM)

2.5–7.5 mg/day

Pyridostigmine (only for POTS) 30–60 mg, ≥ 3× daily No data about safety and efficacy profile in this 
population. A study investigated a dose of 45 
mg in the morning, 30 mg at lunchtime, and 15 
mg at bedtime; after 9 months, there has been 
persistent positive effect without major adverse 
effects [74]

Ivabradine 2.5–7.5 mg , 2× daily No official data about safety and efficacy profile in 
this population

A randomized study investigated an initial dose 
of ivabradine of 0.02 mg/kg bid in age-subset 
6-12months, 0.05 mg/kg bid in 1–3 y and 3–18 
y < 40 kg, and 2.5 mg bid in 3–18 y and ≥ 40 
kg [70]

Nondihydropyridine calcium channel 
blockers (verapamil, diltiazem)

Depending on the specific medication No data about safety and efficacy profile in this 
population

Fluid intake 2–3 liters of water 2.5 to 3 L daily in adolescent girls and 3.0 to 3.5 L 
daily in adolescent boys

Fludrocortisone 0.05–0.3mg 0.1–0.2 mg every morning
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12 months and 0.05 mg/kg twice daily for children older 
than 1 year and younger than 3 years or 3 to 18 years and 
weighing < 40 kg. Liquid ivabradine was specially formu-
lated for this pediatric study and was administered in 10 
mL single-dose units containing 1, 5, or 13.3 mg ivabradine 
(stored at room temperature). The tablet form (adult for-
mulation) was administered to children older than 3 years 
and weighing ≥ 40 kg with an initial dose of 2.5 mg twice 
daily. Doses could be adjusted every 2 weeks. The duration 
of the titration period was governed by the extent of HR 
reduction and could last up to 8 weeks or until the patient 
reached the primary endpoint (heart rate reduction ≥ 20% 
without bradycardia or symptoms of bradycardia). Titration 
could comprise a maximum of 4 phases so patients weighing 
≥ 40 kg who started with 2.5 mg twice daily (tablet form) 
could be increased to 5, 7.5, 10, and 15 mg twice daily, 
but each titration was followed by a 2-week maintenance. 
Ivabradine safely reduced the resting HR of children with 
chronic heart failure and dilated cardiomyopathy. Adverse 
events were reported at a similar frequency in both treatment 
groups (ivabradine and placebo group) [72, 73] (Table 1). 
Cardiopulmonary testing could be used to assess the effi-
cacy and tolerability of ivabradine in this population (https:// 
www. ema. europa. eu/ en/ docum ents/ produ ct- infor mation/ 
proco ralan- epar- produ ct- infor mation_ en. pdf). Although the 
pathogenetic mechanisms of IST are not yet understood, it 
has many aspects in common with POTS, so the same phar-
macological and non-pharmacological measures are applied 
in clinical practice as for POTS. Small case series suggest 
the possibility of using other therapies such as fludrocorti-
sone, phenobarbital, clonidine, and erythropoietin, but there 
is a lack of randomized trials in this regard [75, 76].

Conclusion

The identification and management of patients with POTS 
and IST are a growing problem, especially in children and 
those with long COVID. Although they cause chronic 
impairment of quality of life, these two diseases are often 
underdiagnosed and under-recognized. The exact pathogene-
sis of these two syndromes has not yet been fully elucidated, 
but it is likely that POTS and IST have many aspects in 
common. A better understanding of the causal mechanisms 
would lead to an improvement in therapeutic management, 
which to date is still unsatisfactory.

The various studies conducted are often monocentric and 
with a small sample size. In children, the evidence is even 
poorer. Several biomarkers that can guide the response to 
drug therapy have been identified but are little used.

To date, the most important thing is interdisciplinary 
management that assesses case by case and aims firstly 
at lifestyle modifications, such as diet, fluid intake, and 

physical activity, and secondly at a targeted pharmacologi-
cal approach.
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