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Postural orthostatic tachycardia syndrome (POTS) is a chronic illness with unknown mortality and high
morbidity, often diagnosed in the adolescent years. Published literature regarding POTS primarily focuses
on the adult population, and guidance on treatment in pediatrics is sparse. The purpose of this clinical
review is to evaluate the current literature on the management of POTS in pediatric patients. A search

was conducted using the Cochrane database, Google Scholar, and PubMed. Studies were included if they
evaluated the management of POTS, primarily in pediatric patients. Case reports and series were excluded.
Eight published studies met the inclusion and exclusion criteria. To date, there are no US Food and Drug
Administration-approved agents for the treatment of POTS. However, select pharmacological therapies
have shown positive outcomes by addressing symptom origins, such as providing heart rate control, pe-

ripheral autonomic modulation, and targeting hypovolemia. Targeted pharmacological therapies studied in
children and young adults include ivabradine, metoprolol, midodrine, pyridostigmine, intravenous crystalloid
fluids, and fludrocortisone. Before adding pharmacotherapeutic interventions, non-pharmacologic interven-
tions such as patient education, avoidance of symptom-triggering environments and medications, dietary
fluid and sodium supplementation, exercise, and use of compression garments should be first attempted.
Although the body of evidence for the management of POTS is expanding, additional research is needed to
determine safe and efficacious dosing and establish clear guidelines for POTS in the pediatric population.

ABBREVIATIONS BP, blood pressure; BPM, beats per minute; ECG, electrocardiogram; HR, heart rate;
MAP, mean arterial pressure; POTS, postural orthostatic tachycardia syndrome; QTc, corrected QT
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Introduction

Postural orthostatic tachycardia syndrome (POTS)
is a chronic illness of autonomic dysfunction that has
gained prominence since first being recognized in
1982." It is characterized by orthostatic intolerances
presenting as dizziness, syncope, and excessive tachy-
cardia following postural repositioning in the absence
of orthostatic hypotension.2® POTS has an estimated
prevalence of 0.2%, with the majority of patients with
POTS being white and female.?? It is also associated
with high morbidity, with two-thirds of children with
POTS reporting 10 or more symptoms.* Although the
average age range for the onset of POTS symptoms
occurs between the ages of 15 and 25 years, symptoms
can manifest in children as young as 6 years old.>¢ De-
spite the pediatric onset of the disease, management
of POTS in children is primarily extrapolated from adult
populations.z3”

Although the pathophysiology of POTS remains
unclear and the etiology is multifactorial, symptoms oc-
cur due to a disruption in autonomic reflexes following
repositioning of the body. In normal physiology, blood

flow is redistributed when the body is repositioned from
lying down to standing. Upon standing, blood volume
shifts from the upper part of the body and vasculature to
the lower part of the body and interstitial space.? Other
physiological changes include a temporary decline in
cardiac filling and stroke volume (SV) and a decrease
in arterial blood pressure (BP). In response, autonomic
reflexes are activated to compensate for these changes.
Cardiovascular and renal changes such as vasocon-
striction, accelerated heart rate (HR), increased cardiac
output (CO), and increased renal reabsorption of water
and sodium leading to plasma volume expansion occur
following activation of autonomic reflexes. Disruption
of this compensatory mechanism causes patients to
experience a variable combination of POTS symptoms,
including orthostasis, lightheadedness, palpitations,
blurred or tunnel vision, weakness, or syncope.?3’
The onset of POTS symptoms may be precipitated
by or associated with various factors, including infec-
tion, menarche, autoimmune disorders, growth spurt,
mitochondrial diseases, mast cell activation disorder,
iron deficiency anemia, migraines, or concussion.?®°
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About 15% of pediatric patients with POTS have un-
derlying cardiac arrhythmias.” Diagnostic criteria of
POTS include over three months of chronic orthostatic
intolerance, persistent symptomatic increase in HR
over 40 beats per minute (BPM) in the first 10 minutes
upright after being positioned supine, and absence
of other causative etiologies.? The stated diagnostic
criteria apply to children 12 to 19 years, as diagnostic
criteria for children less than 12 years of age remain
undefined.? Based on the patient’s symptoms and
clinical presentation, the patient may be categorized
into three main subtypes, which are neuropathic, hy-
povolemic, or hyperadrenergic POTS." The hallmark
of neuropathic POTS is compromised vasoconstriction
in the vessels of the lower extremities secondary to
partial autonomic neuropathy. Hyperadrenergic POTS
is characterized by significantly increased sympa-
thetic nervous system activity defined as an increase of
>10 mm Hg in systolic blood pressure within 10 minutes
of standing or tilting and an upright position plasma
norepinephrine concentration of 600 pg/mL. Hypervol-
emic POTS is characterized by a significant reduction
in plasma volume, compromising venous return and
triggering compensatory tachycardia. Other categories
referenced in the literature include joint-hypermobility-
related and immune-related.

An expert consensus statement published in 2015
on the diagnosis and treatment of POTS in adults and

children recommended non-pharmacologic measures
as a first-line approach for managing POTS (Table 1),
with progression to pharmacologic agents if symptoms
persist.3? No single therapy has been proven suc-
cessful for treating POTS in adult or pediatric patients,
and combination pharmacotherapy may be needed
to treat different pathologies occurring within the
multiple organ systems involved. This article reviews
published literature evaluating pharmacological thera-
pies for POTS in pediatric patients and summarizes
non-pharmacotherapeutic modalities.

Methods and Materials

An extensive search of the Cochrane Database of
Systematic Reviews, Google Scholar, and PubMed
was performed to identify articles evaluating pharma-
cotherapeutic agents used to treat POTS in pediatric
patients. The search terms utilized focused on treating
POTS specific to the pediatric population. Search terms
included “postural orthostatic tachycardia syndrome
or POTS,” “treatment or medication or therapy,” and
“pediatric or children or adolescent.” Studies were
included if they: 1) were original research studies, in-
cluding randomized controlled trials, non-randomized
controlled studies, and observational studies, 2) evalu-
ated medication therapy in the management of POTS,
3) were published in the English language, and 4) were
published in journals requiring peer review. Published

Table 1. Summary of Non-Pharmacologic Management of Pediatric POTS

Non-pharmacologic

Patient education

Avoidance of symptom
exacerbating medications

Management of comorbid
conditions

Oral rehydration and salt
supplementation

Physical activities

Head-up (supine) sleep
positioning

Compression garments

Mechanism

De-stigmatization, understanding
symptoms, avoiding triggers, protection
when experiencing symptoms

Avoid medications that reduce

blood volume and/or decrease blood
vessel tone

Avoid norepinephrine reuptake inhibitors

Complex multiple mechanisms

Increases CBF,, and promotes volume
expansion via fluid and salt absorption

Physical conditioning via increases VO,
and peak stroke volume/cardiac output

Conditions the heart by activation of the
RAAS and increasing total blood volume

Shifts pooled blood in lower extremities
back into central circulation to increase
cardiac output

Benefit

Allows patients to attain access to
therapy; allows patients to be self-
advocates of their own health?#2

Decrease risk of exacerbating
orthostatic tachycardia or orthostatic
symptoms®43

Decrease symptom burden and risk of
increased standing HR**

Holistic approach to the management
of POTS to decrease symptoms burden

Increases orthostatic tolerance and
mitigates autonomic symptoms*°

Improves quality of life; decreases
tachycardia related symptom
burden*4

Improves orthostatic tolerance and
overall syncope burden*®

Reduces tachycardia and symptom
burden*®

CBF,,, cerebral blood flow velocity; POTS, postural orthostatic tachycardia syndrome; RAAS, renin-angiotensin-aldosterone-system;

VO,,... Peak oxygen uptake
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full articles that evaluated treatment modalities in
children younger than 19 years were prioritized for
inclusion. The criteria was loosened to include studies
that included young adults (>18-26 years) when no
pediatric-exclusive study was identified. The references
of articles from the initial search results were screened
to identify other potential articles to include. To avoid
duplication and overlap of studies, meta-analyses and
systematic reviews were excluded. Lastly, to ensure the
inclusion of rigorously studied treatment modalities,
case reports and case series were excluded.

Results

Of the 62 articles retrieved based on the literature
search methods, 8 met the inclusion and exclusion
criteria for analysis—1 randomized control trial, 2 pro-
spective studies, and 5 retrospective studies (Table 2).
Medications used in POTS aim to alleviate symptoms
and improve orthostatic tolerance by controlling HR,
modulating peripheral autonomic stimulation, and
blood volume expansion (Table 3). Currently, no FDA-
approved drugs are indicated for the management
of POTS, but the following medications—ivabradine,
midodrine, metoprolol, pyridostigmine, fludrocortisone,
and parenteral crystalloid fluids—have been studied in
pediatric patients.

Review of Studies

Heart Rate Control. A cardinal symptom of POTS
is tachycardia, defined in patients 12 to 19 years, as
an increase in HR >40 BPM above baseline in the
first 10 minutes upright after being supine. Therefore,
pharmacologic agents targeting HR control may have
a role in reducing symptom burden. Agents studied
for heart rate control in pediatric patients with POTS
include ivabradine and metoprolol.

Ivabradine. Ivabradine is a selective and specific
inhibitor of hyperpolarization-activated cyclic nucleo-
tide-gated channels, also known as the funny (Im) cur-
rent channel. These channels are predominantly found
in the sinoatrial and atrioventricular nodes. Inhibiting
these channels results in the reduction of intrinsic HR
without beta (B)-adrenergic receptor antagonism. In a
retrospective chart review published by Delle Donne
et al,” pediatric patients aged 11to 17 years prescribed
ivabradine for POTS were evaluated. Twenty-two pa-
tients (15 females) were initiated on 2.5 mg twice daily
and titrated up based on symptom control in 11 patients
to a maximum of 7.5 mg twice daily. The mean daily
dose achieved was 9.5 mg daily, which correspond-
ed to 0.1 mg/kg twice daily. All patients utilized non-
pharmacological therapies and were followed for a
range of 0.9 to 17 months (median 4.6 months). The
authors reported significant symptom improvement in
68% of patients (n = 15), presenting as reduced syn-
copal episodes and resolution of symptoms, including
a reduction in HR (p = 0.007) on electrocardiogram

(ECG) without significant corrected QT (QTc) changes
(p = 0.44). However, 1 patient (4%) was reported to
experience mild phosphenes (flashing lights), which
improved with a slight daily dose reduction from 10
to 7.5 mg/day, while another patient discontinued the
medication due to no improvement in symptoms. In an-
other single-center retrospective study, Towheed et al®
evaluated 27 patients, ages 12 to 17 years, diagnosed
with POTS. Most of the patients were females (92.5%)
diagnosed with Ehlers-Danlos syndrome (40.7%), and
all had been optimized on non-pharmacological meth-
ods and tried 1 other medication before initiating iv-
abradine. Prior to starting ivabradine, beta (8) blockers
and calcium channel blockers were stopped to pre-
vent excessive bradycardia. The patients received oral
ivabradine starting at 1.25 to 2.5 mg twice daily and
titrated based on therapeutic response. The mainte-
nance dose achieved in 22 patients was 5 mg twice
daily, with 4 patients reaching the maximum dose of
7.5 mg twice daily. The follow-up time ranged from 3
to 12 months. Of the patients included in the study,
67% of patients demonstrated a reduction in POTS
symptoms. The authors also found that syncope/pre-
syncope episodes were reduced by 90%, lighthead-
edness by 85%, and fatigue by 81%. Additionally, an
overall lowering of HR was reported when comparing
patients before and after ivabradine treatment dur-
ing sitting and standing (change in means of HR 16.5
and 19.6 BPM, respectively; p < 0.05), without signifi-
cant changes in BP. Of the 27 patients reviewed, 22%
presented with adverse effects. One patient’s dose
was decreased from 5 to 2.5 mg twice daily due to
excessive bradycardia, while 5 patients stopped the
medication. Two patients stopped due to visual dis-
turbances, 2 patients due to severe bradycardia and
excessive flushing, and 1 due to joint pain and fatigue.
Four patients discontinued the medication due to no
effect on their symptoms. The authors concluded that
ivabradine might be useful in decreasing the burden of
symptoms associated with POTS without causing hy-
potension, exercise intolerance, or fatigue, often seen
with other medications used to control HR.
Metoprolol. Metoprolol exerts its effects on HR con-
trol in patients with POTS by selectively antagonizing
B3, adrenergic receptors located in cardiac tissue, pro-
viding relief of symptoms associated with tachycardia.
Lai et al™ conducted a retrospective review of charts
with a follow-up survey of 121 adolescents who under-
went autonomic reflex screening as part of an evalua-
tion for POTS. Of the 121 adolescents, 47 (age range,
11-17 years) responded to the survey between 9 and
50 months (mean 19.5 months) after initial evaluation.
All patients met the criteria for POTS diagnosis and uti-
lized non-pharmacological interventions, including in-
creased fluid and salt intake, elevating the head of the
bed, consulting with a physical therapist, and wear-
ing elastic support hoses. Of the survey responders,
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Table 2. Summary of Study Outcomes for Pharmacotherapy in the Management of Pediatric POTS

Reference

Delle®

Towheed®

Lai*

Chen®™

Ross?®

Kanjwal®°

Moak®'

Study Design

Retrospective
cohort

Retrospective
cohort

Retrospective
review with
follow-up survey

Prospective
cohort

Randomized
control trial

Retrospective
cohort

Retrospective
cohort

Medication
and Dose

Ivabradine
Starting at 2.5 mg bid
up to 7.5 mg bid

Ivabradine

Starting dose
1.25-2.5 mg bid up
to 7.5 mg bid

Metoprolol
Midodrine

(doses not provided)
Other medications
included: analgesics,
SSRIs, PPIs, and stool
softeners

Metoprolol 0.25 mg/
kg twice daily
Midodrine 2.5 mg
once daily

Midodrine 2.5—
10 mg tid

Pyridostigmine

30 mg bid increased
based on tolerance
to 90 mg tid or 180
mg daily of sustained
release formulation

1-2 L daily of IV 0.9%
NaCl administered
3-7 days per week

Patient Characteristics
and Follow-Up

22 patients

Age 11-17 yr
Follow-up at 4.6 mo
(range, 0.9-17 mo)

27 patients

Age 1217 yr
Follow-up between
3-12 mo

47 patients responded
to the survey
(metoprolol =12;
midodrine = 13)

Age 11-17 yr
Follow-up at 19.5 mo
(range, 9-50 mo)

53 patients (metoprolol
=19; midodrine =19;
conventional
treatment = 15)

Age 6-17 yr
Short-term follow-up

at 3-6 mo

Long-term follow-up

at 15 mo (range,

5-24 mo)

20 patients
(neuropathic POTS =12;
Hyperadrenergic
POTS = 8)

Age 12-20 yr
Follow-up after

35 days of study

208 patients

Age 26 £ 12 yr
Follow-up at 12 mo
(range, 9—15 mo)

39 patients

Age 12-26 yr
Duration of 0.9%
IV NaCl was 30 wk
(range, 1 wk-3.8 yr)

Outcomes

Symptom improvement was
observed in 15/22 patients
(68%).

Symptom improvement was
observed in 18/27 patients
(67%).

Of the patients on B-blocker,
57% reported symptom

improvement compared with
46% in the midodrine group.

Midodrine outperformed
metoprolol and conventional
therapy groups. Cure and
effective rates were found
to be significantly higher in
midodrine-treated patients
(68% and 89%), compared
with metoprolol (42% and
57%), and conventional
therapy (20% and 53%)
respectively. Midodrine had
more symptom-free days
and a shorter time to clinical
improvement compared with
metoprolol. Additionally,
symptom recurrent rates were
also significantly lower with
midodrine compared with
metoprolol or conventional
treatment groups.

Midodrine decreased HR,
vascular capacitance, and
blood flow, and increased
vascular resistance and MAP
more effectively in patients
classified as neuropathic
POTS.

Pyridostigmine improved
symptoms of orthostatic
intolerance in 51% of patients,
with significant changes

in standing HR, DBP, and
symptoms of orthostatic
intolerance.

Supplemental IV hydration
improved quality of life scores
in 31/39 (79%) patients.
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Table 2. (Cont.)

Reference Study Design Medication
and Dose
Fortunato® Prospective 0.1-0.2 mg of
cohort fludrocortisone

Patient Characteristics Outcomes
and Follow-Up
16 patients Fludrocortisone significantly

Age 14.8 £ 2.8 yr
Follow-up occurred
after a minimum of 4
wk on fludrocortisone

improved overall POTS
symptoms including nausea
(32%), dizziness (28%),
abdominal pain (32%), and
flushing symptoms (33%), but
did not significantly reduce
syncope rates.

DBP, diastolic blood pressure; HR, heart rate; 1V, intravenous; MAP, mean arterial pressure; NaCl, sodium chloride; POTS, postural orthostatic
tachycardia syndrome; PPI, proton pump inhibitors; SSRIs, selective serotonin reuptake inhibitors

Table 3. Synopsis of Pharmacotherapy for Management of Pediatric POTS

Drug Mechanism

Heart rate control

Ivabradine Selective funny channel
(I) antagonist
Metoprolol B,-adrenergic receptor

2.5-5 mg bid (max
7.5 mg bid)®*

0.25 mg/kg/dose twice daily'™

Dose Adverse Effects

Headache, palpitations,
bradycardia,
hypertension, visual
disturbances
Light-headedness,

antagonist exercise intolerance,
depression
Peripheral autonomic
modulation
Midodrine a-adrenergic receptor 2.5 mg once daily - 10 mg tid"™>* Scalp tingling,
agonist goosebumps, headache
Pyridostigmine Acetylcholinesterase Adolescents and young adults: Gl disturbances
inhibitor 30 mg twice daily - 90 mg tid*°

Volume expansion
Parenteral —
crystalloid fluids

Fludrocortisone Aldosterone analogue

1-2 L/day for 3—7 days/wk prn
in addition to oral fluids, salt
replacement, exercise, and
pharmacological therapy?'

0.1 mg—0.2 mg daily*?

Increased risk of upper
extremity DVT

Must be used as
adjuvant treatment
Rash, ankle swelling,
headache, mood
changes

DVT, deep vein thrombosis; Gl, gastrointestinal; POTS, postural orthostatic tachycardia syndrome

81% were prescribed medications, with most patients
on B-blockers (n = 14; metoprolol = 12, atenolol = 2)
and midodrine (n = 13), with no overlapping use of
the 2 medication classes. Other medications used in-
clude analgesics, selective serotonin reuptake inhibi-
tors, proton pump inhibitors, and stool softeners. Of
the patients prescribed a (-blocker, 64% of patients
continued for at least 6 months, and 57% reported
symptom improvement compared with 38% and 46%
in the midodrine group, respectively. The authors re-
ported greater improvements in quality-of-life scores
(p = 0.04) and overall improvement (p = 0.016) re-
ported by patients in the 3-blockers group over mido-
drine. The authors did not report on doses received or
adverse effects experienced by patients.

Chen et al® compared a conventional treatment
(n =15) arm to midodrine (n = 19) and metoprolol (n = 19)
in 53 children (22 males and 31 females), ages 6 to
17 years, diagnosed with POTS in a controlled trial.
Patients received metoprolol 0.25 mg/kg twice daily
and midodrine 2.5 mg once daily and were evaluated
at 2 time points, including short-term at 3 to 6 months
and long-term at 15 months (range, 5-24 months). All
patients received non-pharmacological interventions,
which included increased water and salt intake, avoid-
ing triggering events or positions, techniques to counter
blood pooling in lower extremities (e.g., crossing legs),
and going into a supine posture to abort the episode,
and reassurance regarding the condition’s non-life-
threatening nature. One of the study outcomes included
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the calculation of symptom scores on a scale of O to
4 based on the frequency of symptoms (syncope,
dizziness, chest tightness, palpitations, headache,
blurred vision, trembling, and cold sweat) with a score
of O representing no symptoms and a score of 4 rep-
resenting more than 1 symptom episode in 1day. While
the metoprolol group showed a reduction in symptom
scores compared with patients receiving conventional
treatment (2.8 + 2.4 vs 3.7 + 2.0; p < 0.05), the group
did not perform better compared with conventional
treatment in short-term cure rate (57.59 vs 53.33%;
p>0.05) and long-term symptom recurrence rate, which
were the primary outcomes of the study. No adverse
effects were reported on patients taking metoprolol.
The unsatisfactory effectiveness of metoprolol, with
approximately 57% of children with POTS experiencing
a reduction in symptoms, prompted clinical investiga-
tions into factors that may predict response. Zhao et
al'® compared 49 children (7-16 years) with POTS to
a control group with 25 healthy children (11-13 years).
The children diagnosed with POTS received metoprolol
0.5 mg/kg twice daily for 1.5 to 3 months and were evalu-
ated for POTS symptoms and orthostatic intolerance
tests at baseline and follow-up. All study patients had
blood drawn to measure the variations of copeptin, a
stable biomarker of arginine vasopressin (AVP), which is
an important stress hormone that may be increased dur-
ing excessively reduced venous return and central blood
volume. The authors found higher baseline plasma
copeptin concentrations in the group of children with
POTS compared with the control group (10.524 + 2.016
vs 8.750 £ 1.419 pmol/L; p < 0.001). the plasma copeptin
concentration was also identified to be lower in the
28 patients who responded to metoprolol when com-
pared with the 21 patients who did not respond (9.377
+1.411vs 12.054 £ 1.662 pmol/L; p <0.001). The authors
concluded that because AVP secretion is inhibited by
the increased catecholamine concentrations in hyper-
adrenergic POTS, copeptin measurement may indirectly
reflect plasma osmotic pressure and may be used to
predict the effectiveness of metoprolol in children with
POTS. Subsequent studies evaluated other biomarkers
that could predict response to metoprolol and showed
consistent results. Patients who responded to metopro-
lol had higher plasma norepinephrine concentrations,”
C-type natriuretic peptide®™ (a small molecule protein
involved in accelerating HR and increasing the secretion
of plasma catecholamine), HR differential on head-up tilt
test,”® and pre-treatment baseline left ventricular ejec-
tion fraction.2’ Wang et al* also evaluated baseline QTc
interval dispersion, given the laborious or costly process
of obtaining the aforementioned biomarkers, and found
longer pre-treatment baseline QTc interval dispersion
in patients that responded to metoprolol (66.3 + 20.3
ms vs 45.7 £ 19.9 ms; p = 0.001). Xu et al*?> developed
and externally validated a predictive model using ECG
indicators with high sensitivity (90.9%) and specific-

ity (95%) for the therapeutic efficacy of metoprolol in
children and adolescents with POTS. These studies
suggest that metoprolol may have a preferential role
in patients with POTS exacerbated by hyperadrenergic
pathogenesis and may be useful when patients have
long baseline QTc.

Peripheral Autonomic Modulation. Symptoms of
POTS may have neuropathic origin due to impaired
peripheral vasoconstriction from adrenergic denerva-
tion leading to peripheral venous pooling. Therefore,
the use of pharmacotherapies that modulate periph-
eral autonomic dysfunction may reduce symptoms
of orthostatic intolerance by increasing peripheral
vasoconstriction, improving venous return. Agents
studied for pediatric patients include midodrine and
pyridostigmine.

Midodrine. Midodrine is a prodrug that forms an
active metabolite, desglymidodrine, which functions
as an alpha (a)1 adrenergic receptor agonist. Desgly-
midodrine works through various pathways causing
peripheral vasoconstriction, decreasing inappropriate
sympathetic activity, and improving flow-mediated di-
lation. This results in increased peripheral vascular re-
sistance and reduced venous pooling when standing.
Previously discussed studies by Lai et al* and Chen et
al’® included midodrine treatment groups. The study
by Lai et al* reported fewer patients remaining on mi-
dodrine compared with 3-blockers (30% vs 50%) dur-
ing the follow-up period and fewer patients attributing
their general improvement to the medication com-
pared with B-blockers (36.4% vs 63%; p = 0.011)." The
authors found no difference in quality-of-life scores
between patients on midodrine and patients not on
midodrine or 3-blockers. Unlike the results from the
study by Lai et al," the results from the study by Chen
et al"® favored midodrine 2.5 mg once daily compared
with metoprolol 0.25 mg/kg twice daily and non-phar-
macological intervention groups in both short-term
(3—6 months) and long-term (15 months) outcomes,
range of 5 to 24 months.”™ Patients treated with mi-
dodrine had significantly higher cure rates (midodrine
= 68.42% vs metoprolol = 42.11% and non-pharmaco-
logical interventions = 20%,; p < 0.05); effective rates
(89.47% vs 57.89% and 53.33%; p = <0.05) and lower
symptoms scores (11+ 2.2 vs 2.8 £ 2.4 vs 37 + 2.0;
p < 0.05). Symptom recurrence rates were also sig-
nificantly lower with midodrine vs metoprolol and
non-pharmacological interventions (p < 0.05). Unlike
metoprolol, some patients who received midodrine
experienced adverse effects, including 3 patients with
increased BP (SBP increased by 5 mm Hg compared
with baseline) and 1 patient with stomach pain. The au-
thors concluded that midodrine is an effective agent
for treating children with POTS.

Ross et al?® conducted a randomized, double-
blinded, placebo-controlled trial (n = 20) evaluating
the effectiveness of midodrine on vascular changes
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associated with POTS in children and young adults
ages 12 to 20 years, 15 of whom were female. The au-
thors stratified study participants into hyperadrenergic
(n =8) and neuropathic (n =12) POTS subtypes. No dif-
ferences were identified between groups at baseline.
The study protocol included 2 patient groups receiv-
ing placebo or midodrine at 2.5 mg 3 times a day on
days 1to 4; 5 mg 3 times a day on days 5 to 7; 7.5 mg
3times a day on days 8 to 10; and 10 mg 3 times a day
on days 11to 14. A 7-day drug washout occurred after
the first 2 weeks, followed by a crossover treatment
for 14 more days. All study subjects were maintained
on a minimum of 7.5 mg 3 times a day of midodrine
or placebo. Patients were not on any other medica-
tions and avoided caffeine-containing products while
enrolled in the study. A separate control group with
14 healthy patients without POTS and no receipt of mi-
dodrine or placebo was also included for the purpose
of comparing pre-treatment baseline hemodynamics
to the subgroup with POTS. The authors identified
important baseline differences, including higher HR
following the head-up tilt test in the POTS group com-
pared with controls (p < 0.001), but no difference within
patients in the POTS groups (p = 0.6). Patients in the
hyperadrenergic group had higher baseline supine HR
than the controls (p = 0.02) but no difference between
the neuropathic group and controls (p = 0.4). Also,
patients with hyperadrenergic POTS had significantly
less calf blood flow than control subjects and patients
in the neuropathic POTS group. The authors also noted
interesting differences in treatment effects between
neuropathic and hyperadrenergic POTS groups treated
with midodrine. Patients in the group with neuropathic
POTS demonstrated significant decreases in HR, calf
blood flow, and calf venous capacitance during head-
up testing (supine to standing assessments) compared
with placebo, while mean arterial pressure and calf vas-
cular resistance were increased (all p values < 0.05). In
contrast, patients in the hyperadrenergic POTS groups
had limited changes after receiving midodrine, with no
significant differences in all outcomes measured, with
the exception of HR during the 35° head-up tilt test
(p=0.05). Mild adverse effects were reported, including
headaches and goosebumps; however, these adverse
effects did not deter patients from completing the study.
The authors concluded that midodrine effectively de-
creased POTS symptoms in patients with neuropathic
POTS but did not find outcome differences between
midodrine and placebo treatment in patients with hy-
peradrenergic POTS.

Like metoprolol, the efficacy of midodrine is vari-
able depending on various factors. A study evaluating
predictive factors of midodrine’s efficacy in pediatric
patients with POTS suggested BP changes from a
supine to an upright position to be impactful.?* The
authors identified midodrine to be effective when pre-
midodrine treatment SBP decreased or did not change,

or when diastolic blood pressure (DBP) was <6.5 mm
Hg from supine to standing position with sensitivity
and specificity of 72% and 88%, respectively. Other
potential biomarkers that may be predictors of mido-
drine effect include erythrocytic hydrogen sulfide,?®
a vasodilating gasotransmitter; midregional fragment
of pro-adrenomedullin,?® a potent vasodilator; and
copeptin,? all of which were observed to be higher in
midodrine responders. Response to midodrine was also
greater in patients with higher flow-mediated vasodila-
tion of the brachial artery.?®

Pyridostigmine. Pyridostigmine is a peripheral
acetylcholinesterase inhibitor with potential thera-
peutic benefits in patients with POTS. Pyridostigmine
increases acetylcholine in the autonomic ganglia and
enhances nerve conduction of the parasympathetic
nervous system. Through modulation of peripheral
autonomic control, venous pooling is decreased,
thus attenuating the compensatory tachycardia that
causes the symptoms associated with orthostasis.?®
Pediatric-exclusive studies are lacking; however, a
retrospective study evaluating treatment with oral
pyridostigmine was conducted in children and young
adults.®® The study reviewed 208 patients’ medical re-
cords aged 26 + 12 years, 88% of which were females,
who were refractory to nonpharmacological interven-
tions and select medications, including fludrocorti-
sone, midodrine, and selective serotonin reuptake in-
hibitors either alone or in combination. Patients were
initiated on oral pyridostigmine 30 mg twice daily,
and doses were increased if no therapeutic effect
was noted after a treatment period of 7 days up to
a maximum dose of 90 mg 3 times a day or 180 mg
of the sustained release form. The authors reported
improved symptoms of orthostatic intolerance in 51%
of the remaining 173 patients who tolerated the drug
during follow-up at 12 months (range, 9—15 months) re-
ported symptom improvements in 88 of 203 patients
(43%). The most frequently reported symptoms that
were improved included fatigue, palpitations, presyn-
cope, and syncope (48%—-60%). Significant changes
included a reduction in post-treatment standing HR (p
< 0.05) and an increase in standing DBP (p < 0.05)
from baseline were observed in the patients who re-
ported orthostatic symptom control. However, 19% of
patients reported gastrointestinal side effects, war-
ranting discontinuation in 35 patients due to intoler-
ance. Gl adverse effects included severe abdominal
cramps, severe nausea, and diarrhea. Other minor
adverse effects reported included tremors, twitching
and hyperhidrosis (n = 5), urinary urgency (n = 2), hy-
pertension (n = 2), chest pain (n = 1), and hypotension
(n = 1). The authors concluded that in the subgroup
of patients who were refractory to other forms of
therapy, treatment with pyridostigmine may provide
symptomatic relief, reduction in standing HR, and
improvement in standing DBP in patients who can
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tolerate the medication. Due to the limited data dem-
onstrating efficacy and safety, pyridostigmine should
not be used as an initial treatment for pediatric pa-
tients with POTS.

Volume Expansion. Adequate blood volume is es-
sential in preventing the main symptoms of POTS by
maintaining appropriate CO, SV, and HR. Parenteral
crystalloid fluid replenishment increases blood vol-
ume and reduces the need for compensatory tachy-
cardia, alleviating burdensome symptoms.

Parenteral Crystalloid Fluids. Intravenous (IV) nor-
mal saline supplementation may be necessary to main-
tain adequate blood volume in certain patients with
POTS. Moak et al*' conducted a retrospective chart
review evaluating IV normal saline in adolescents and
young adults aged 10 to 26 years (n = 39). These pa-
tients had refractory POTS symptoms despite initial
treatment with non-pharmacological therapies, includ-
ing increased oral fluid intake (2—-3 L/day), increased
salt consumption, aerobic exercises, improved sleep
efficiency, and medications including fludrocortisone,
midodrine, B-blockers or octreotide. The baseline
quality of life assessment based on symptoms scores
was 4.2/10, indicating moderate to severe disability
secondary to POTS symptoms. Patients received 1 to
2 L of normal saline daily for 3 to 7 days per week and
up-titrated until clinical improvement or if the patient
no longer wanted to continue with the therapy. Pa-
tients received IV hydration by peripherally inserted
central catheters (PICC) lines (n = 22), peripherally
inserted vascular access lines (n = 10), and surgically
implanted subcutaneous ports (n = 7). The average du-
ration of IV normal saline administration was 30 weeks
and ranged from 1 week to 3.8 years. Of the patients
treated, 79% (n = 31) self-reported clinically improved
quality of life scores post-treatment. Six patients who
had previously discontinued IV rehydration therapy
restarted treatment after the recurrence of symptoms.
Three patients (11%) with PICC (n = 2) or central port
(n = 1) experienced upper extremity deep vein throm-
boses (DVT), and 4 (14%) developed infections (PICC,
n = 3; port n =1). DVT rate was considerably higher in
the study population (11%) compared with the institu-
tion’s DVT rate (1.6%). The authors concluded that IV
rehydration with normal saline is highly effective for
medication-resistant symptoms of orthostatic intoler-
ance. Due to the risk of serious adverse effects such as
DVTs, patients with pre-established IV access for other
indications may be a preferred group for parenteral
IV rehydration. Strategies to mitigate the risk of DVT
include performing a comprehensive thrombophilia
evaluation, discouraging the use of birth control pills,
or close monitoring while on IV therapy.

Fludrocortisone. Fludrocortisone is a mineralocor-
ticoid that acts on the distal tubules of the kidney to
enhance the reabsorption of sodium and water, lead-
ing to an increase in blood volume. In a prospective

cohort study (n = 16), Fortunato et al*? assessed the
use of fludrocortisone (01-0.2 mg/day) for at least
4 weeks on both orthostatic intolerance and gastro-
intestinal symptom management in 16 patients (all
females) with unexplained nausea and orthostatic in-
tolerance concerns. Patients with a mean age of 14.8
+ 2.8 years rated the severity of their symptoms on a
scale of O (none) to 4 (severe) before and after fludro-
cortisone treatment. There was a significant reduction
in overall mean symptom scores for study participants
(p =0.0046), and for specific symptoms, including nau-
sea, dizziness, abdominal pain, flushing, and missing
school improved after fludrocortisone treatment (all
p < 0.05). No significant improvement was found for
symptoms such as vomiting, syncope, constipation, or
anorexia. The authors concluded that fludrocortisone
produced symptomatic relief in patients with POTS,
particularly patients with comorbid Gl symptoms, such
as nausea and abdominal pain, but did not actively
prevent syncope episodes.

Discussion

POTS is a chronic disorder of the autonomic ner-
vous system characterized by orthostatic intolerances
without hypotension. Our review identified eight pub-
lications that evaluated using ivabradine, metoprolol,
midodrine, pyridostigmine, fludrocortisone, and intra-
venous normal saline to treat pediatric patients with
POTS. Assessment of these publications revealed
varying degrees of effectiveness, likely due to the
heterogeneity of POTS types and patient-reported
symptoms. Individualizing treatment plans based on
symptomatology and underpinning pathogenesis, that
is, hypovolemic, neuropathic, and hyperadrenergic,
may improve the efficacy of medications. Hyperadren-
ergic POTS is characterized by persistently increased
plasma norepinephrine after standing, resulting from
increased sympathetic activity triggered by barorecep-
tors sensing volume accumulation in the extremities
and decreased volume in venous return to the heart.®
The consequence of unabated plasma norepinephrine
increase is sustained tachycardia while in an upright
position. Symptoms frequently present in hyperadren-
ergic POTS include tachycardia, hyperhidrosis, pallor,
tremors, and pale and cold skin.**3* Medications with
clinical effects on cardiac chronotropy, blunting the
effects of elevated catecholamines without impacting
the BP, are desirable to manage hyperadrenergic POTS.
Ivabradine and metoprolol are negative cardiac chrono-
tropes that have been clinically evaluated in pediatric
patients with POTS. Studies evaluating ivabradine re-
ported approximately 67% of patients responded and
tolerated the medication, with dose-dependent adverse
effects, including bradycardia and phosphenes (tran-
sient enhanced brightness).®"* Metoprolol has a lower
response rate of 57% in pediatric studies for managing
POTS. This lower efficacy rate is attributable to initial
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Figure. Proposed treatment algorithm for the management of POTS.
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studies not delineating POTS phenotypes in their Identifiable and measurable descriptors such as plasma
patient populations. Studies further exploring the vari-  norepinephrine, C-type natriuretic peptide, and heart
ability in therapeutic efficacy with metoprolol focused rate variability delineated hyperadrenergic POTS from
on identifying biomarkers that predicted response.®®?'  other POTS phenotypes and had higher predictive
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sensitivity and specificity for treatment efficacy with
metoprolol.3®

Patients with neuropathic POTS typically have exces-
sive pooling in the extremities due to blunted peripheral
vascular sympathetic activity and abnormal lower limb
vascular tension. Venous pooling in the extremities dur-
ing orthostatic challenges results in decreased cardiac
preload, which leads to compensatory HR increases.
This pathology is commonly observed in patients with
POTS related to autoimmune or post-viral autonomic
neuropathy and is associated with the acute onset of
symptoms such as persistent light-headedness, fatigue,
postprandial bloating, and vomiting.3*3®* Midodrine
causes vasoconstriction within the extremities, in-
creasing peripheral vascular resistance while reducing
venous capacitance and orthostatic tachycardia. Bio-
markers (e.g., erythrocyte hydrogen sulfide production,
copeptin, pro-adrenomedullin, flow-mediated dilation,
and blood pressure changes in standing tests) that
indicate neuropathic pathophysiology had higher pre-
dictive sensitivity and specificity for treatment response
to midodrine.® In addition to this direct effect on the
vascular wall, midodrine may also indirectly increase
norepinephrine concentrations. Therefore, patients
taking midodrine should be monitored for supine
hypertension. Midodrine is contraindicated in patients
with renal or cardiac disease, pheochromocytoma, or
thyrotoxicosis, as increased BP can be harmful in these
patients.3® Patients should also avoid over-the-counter
cough and cold products that may produce additive
effects on BP while taking midodrine.®®

Altered central blood volume is a hallmark mecha-
nism of hypovolemic POTS, and is observed in about
57% of children with POTS.*” Reduction in central blood
volume can result from excessive venous pooling of
blood in the lower extremities. Significant reduction
in fluid intake is also a culprit, with POTS symptoms
manifesting almost 4 times higher in children with less
than 800 mL/day of water intake.®® Additionally, dys-
regulation of the renin-angiotensin-aldosterone system
can contribute to disruptions in the body’s ability to
compensate for hypovolemia.*® Non-pharmacological
interventions such as oral rehydration therapy and
increasing dietary sodium intake have been shown to
improve orthostatic tolerance and maintain cerebral
blood-flow velocity in pediatric patients with POTS.*°
Patients with unresolved POTS despite oral rehydration
therapy, increased salt intake, and other non-pharma-
cological interventions or unable to tolerate increased
oral fluids and salts may benefit from short-term use
of parenteral normal saline therapy. This option may
be feasible for patients with pre-established IV access
for other conditions, given the greater risk of DVTs in
children with POTS compared with the standard DVT
pediatric DVT risk.!

The evidence for using pyridostigmine and fludro-
cortisone to work for pediatric POTS is limited and

conflicting. Pyridostigmine may have a role in refrac-
tory POTS but may not be well-tolerated due to Gl
adverse effects. Additional studies in pediatric patients
with POTS are necessary to guide clinicians onits role.
Fludrocortisone may have beneficial effects in patients
with POTS with co-morbid functional Gl disorders.
Additionally, to safely use fludrocortisone, patients
must be on a high-sodium diet, with appropriate
monitoring of serum potassium.*' Other medications,
such as clonidine, methyldopa, modafinil, methylphe-
nidate, and desmopressin, have been studied in adult
populations and reported in pediatric cases but lack
rigorous studies evaluating their use in children or
young adults. Based on the assessment of the avail-
able literature, we propose a treatment algorithm
for managing POTS in pediatric patients specific to
POTS phenotypes (Figure). Given the heterogeneity
and overlapping nature, POTS subtypes are neither
fully inclusive nor exclusive, and patients may exhibit
characteristics of more than one mechanism.* The
clinical utility of phenotyping POTS is not fully mapped
out; thus, targeting multiple subtypes (e.g., therapies
targeting hypovolemia combined with either neuro-
pathic or hyperadrenergic treatment approaches) may
be warranted. Continuous follow-up for reassessment
is necessary to ensure the appropriateness of treat-
ment as data on long-term prognosis and response to
therapies is limited. Further investigation into POTS,
understanding the pathophysiology, and identifying
effective pharmacotherapies is warranted.

Conclusion

POTS is a complex heterogeneous disorder that
requires an individualized approach involving non-
pharmacologic and, in some cases, pharmacologic mo-
dalities for management. This clinical review provides
insight into the management landscape of POTS in pe-
diatric patients. Recognition of interpatient variability in
pediatric POTS can guide treatment selection; however,
additional studies are needed to better understand
the disorder and identify medications that can provide
optimal relief in pediatric patients.
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