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Abstract

Patients with the Postural Orthostatic Tachycardia Syndrome (POTS) have orthostatic intolerance, 

as well as exercise intolerance. Peak oxygen uptake (VO2peak) is generally lower in these patients 

compared with healthy sedentary individuals, suggesting a lower physical fitness level. During 

acute exercise, POTS patients have an excessive increase in heart rate and reduced stroke volume 

for each level of absolute workload; however, when expressed at relative workload (%VO2peak), 

there is no difference in the heart rate response between patients and healthy individuals. The 

relationship between cardiac output and VO2 is similar between POTS patients and healthy 

individuals. Short-term (i.e., 3 months) exercise training increases cardiac size and mass, blood 

volume, and VO2peak in POTS patients. Exercise performance is improved after training. 

Specifically, stroke volume is greater and heart rate is lower at any given VO2 during exercise 

after training versus before training. Peak heart rate is the same but peak stroke volume and 

cardiac output are greater after training. Heart rate recovery from peak exercise is significantly 

faster after training, indicating an improvement in autonomic circulatory control. These results 

suggest that patients with POTS have no intrinsic abnormality of heart rate regulation during 

exercise. The tachycardia in POTS is due to a reduced stroke volume. Cardiac remodeling and 

blood volume expansion associated with exercise training increase physical fitness and improve 

exercise performance in these patients.
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Introduction

Over 500,000 people in the United States, primarily young women, suffer from chronic 

orthostatic intolerance (Robertson, 1999). Severely affected patients are unable to work, 

attend school, or participate in recreational activities, resulting in substantial morbidity. The 

Postural Orthostatic Tachycardia Syndrome (POTS, in which patients are unable to stand or 

remain upright for prolonged periods of time due to intolerable palpitations, dizziness, or 

near-syncope) is a major form of chronic orthostatic intolerance in young people, with few 

definitive therapies (Schondorf & Low, 1993). The underlying pathophysiology is not well 

understood, but recent research has suggested that physical deconditioning and reduced 

standing stroke volume may be important to the pathogenesis of POTS and the severity of its 

disability (Masuki et al., 2007b; Joyner & Masuki, 2008; Fu et al., 2010; Fu et al., 2011; 

Galbreath et al., 2011; Parsaik et al., 2012; Shibata et al., 2012).

In addition to orthostatic intolerance, patients with POTS also have exercise intolerance or 

low physical work performance (Low et al., 2009). Peak oxygen uptake (VO2peak), an 

indicator of physical fitness, is generally lower in POTS patients when compared with 

healthy sedentary individuals (Parsaik et al., 2012; Shibata et al., 2012). Reduced VO2peak is 

consistent with physical deconditioning, which provides a strong rationale for retraining in 

the treatment of POTS or chronic orthostatic intolerance. Indeed, we have found that 

endurance exercise training is an effective non-pharmacological therapy for POTS (Fu et al., 

2010; Fu et al., 2011; Galbreath et al., 2011; Shibata et al., 2012). Many patients can be 

“cured” or at least palliated substantially after a period of exercise training or increased 

physical activity. Exercise performance is improved after training in POTS patients.

Acute exercise responses in POTS

During acute sub-maximal and maximal exercise, especially in the upright position, POTS 

patients have lower stroke volume and higher heart rate for each level of absolute workload 

compared with healthy sedentary individuals matched for sex and age (Figure 1A and 1B) 

(Shibata et al., 2012). However, when expressed at the relative workload (percent of 

VO2peak), the heart rate responses are not different between POTS patients and healthy 

individuals (Figure 2) (Shook et al., 2007). These results suggest that POTS patients have no 

intrinsic abnormality of heart rate regulation during exercise.

Previous studies have found that baroreflex control of heart rate during exercise is similar 

between POTS patients and healthy individuals (Masuki et al., 2007a). The tachycardia in 

POTS patients during exercise appears to be attributed to the reduced stroke volume 

(Masuki et al., 2007b; Fu et al., 2010; Shibata et al., 2012), which is associated with 

exercise intolerance. Recent research has shown that there are sex-specific differences in 

heart size and blood volume even in the healthy population (Best et al., 2014), and such sex 

differences are exaggerated in POTS (Fu et al., 2010). It is possible that women born with 

small hearts (even though within a normal range) are more susceptible to the development of 

POTS. Conversely, POTS patients have small hearts which are likely a secondary change 

due to a physiological adaptation to the reduced physical activity level (namely, decreased 

myocardial load and work). We previously found that physical deconditioning elicited by 
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chronic bed rest leads to ventricular remodeling, which is not seen with equivalent degrees 

of acute hypovolemia (Perhonen et al., 2001; Dorfman et al., 2007). The small heart (Raj & 

Levine, 2013) coupled with reduced blood volume contributes to the reduced stroke volume, 

ultimately resulting in reflex tachycardia during exercise in POTS patients. These results 

support the cardiac origin of exercise intolerance in this syndrome.

We found that POTS patients and healthy individuals have a similar linear correlation 

between cardiac output and VO2 during sub-maximal and maximal exercise (Figure 1C) 

(Shibata et al., 2012). This observation indicates that POTS patients have a normal ability to 

increase cardiac output for the oxygen demand during exercise, as well as to utilize oxygen 

in the periphery. Many studies have shown that the slope of this relationship varies little in 

healthy humans with advancing age, sex, mode of exercise, overall fitness, or degree of 

effort (Astrand et al., 1964; Julius et al., 1967; Lewis et al., 1983; Proctor et al., 1998; 

McGuire et al., 2001; Fu & Levine, 2005). If oxygen utilization by working muscles is 

impaired, such as in patients with mitochondrial myopathy (Haller et al., 1991; Taivassalo et 

al., 2003) and well-compensated heart failure with preserved ejection fraction (Bhella et al., 

2011), the slope of the relationship between cardiac output and VO2 is augmented so that 

more blood flow is required to meet the metabolic demand of exercise. In contrast, if the 

heart is impaired and cannot meet the metabolic demand, such as in patients with severe de-

compensated heart failure, the slope is depressed (Chomsky et al., 1996; Mancini et al., 

1996).

Exercise training in orthostatic intolerance and POTS

There are no effective pharmacologic therapies for POTS patients so far. Though a recent 

study suggested that acute (i.e., 1 hour) administration of low-dose, but not high-dose, 

propranolol (a non-selective β-blockade) may provide a modest beneficial effect to improve 

heart rate control and exercise capacity in POTS patients (Arnold et al., 2013), the impact of 

long-term propranolol use on exercise performance in these patients is unclear. POTS 

patients have a lower VO2peak compared with healthy sedentary individuals (Parsaik et al., 

2012; Shibata et al., 2012). The low VO2peak and the cardiovascular responses during 

exercise in POTS patients cannot be improved by acute volume loading with saline infusion 

(Figueroa et al., 2014), similar to what we found in previous bed rest studies (Shibata et al., 

2010).

Increasing evidence suggests that physical deconditioning is one important contributing 

factor for POTS. This provides rationale for retraining in the treatment of POTS. Although 

the effect of exercise training on orthostatic tolerance in healthy individuals is controversial 

(Greenleaf et al., 1981; Convertino, 1993; Raven & Pawelczyk, 1993; Carrick-Ranson et al., 

2012; Hastings et al., 2012), training appears to be beneficial to people with average and 

below average orthostatic tolerance. Indeed, increased orthostatic tolerance following a mild 

to moderate exercise training has been observed in patient populations (Brilla et al., 1998; 

Mtinangi & Hainsworth, 1998). Endurance training expands blood volume and plasma 

volume (Saltin et al., 1968), increases cardiac size and mass (Dorfman et al., 2007b), and 

improves orthostatic tolerance (Dorfman et al., 2007). These results suggest that exercise 
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training may be used as rehabilitative treatment for patients with chronic orthostatic 

intolerance, especially POTS.

We applied, for the first time, exercise training as a non-drug treatment to POTS patients (Fu 

et al., 2010; Fu et al., 2011; Galbreath et al., 2011; Shibata et al., 2012). A personalized 

short-term (i.e., 3 months) exercise training program was developed for each patient enrolled 

in our studies, with the key feature that training began in the recumbent or semi-recumbent 

position. Initially, patients trained 3 sessions per week for 20–30 minutes per session with 

target heart rate equivalent to approximately 75% of maximal. As the patients became 

relatively fit, the duration of the training sessions was prolonged, and subsequently sessions 

of increased intensity were added. Upright exercise (i.e., upright bike, elliptic machine, etc.) 

was added gradually as tolerated, though usually not until the second or third month. Each 

patient also performed 5 minutes of light exercise before and after the main workout as a 

warm-up and a cool-down. Patients also performed strength training. Weight lifting with 

low weights started from once weekly, 15–20 minutes per session and gradually increased to 

twice weekly, approximately 30 minutes per session. All training sessions were supervised 

closely by experienced trainers.

Three months of exercise training increased VO2peak by 8% in POTS patients, indicating an 

increase in physical fitness. Left ventricular mass and end-diastolic volume increased by 

12% and 8% after training, resulting in significant “cardiac remodeling”. Blood volume 

increased by 6% after training in POTS patients (Fu et al., 2010; Fu et al., 2011; Shibata et 

al., 2012). Autonomic circulatory control and arterial-cardiac baroreflex function were 

improved after training (Galbreath et al., 2011). Most importantly, 53% of the patients who 

completed the 3-month exercise training program no longer met the criteria for diagnosis of 

POTS, and thus, were “cured” (Fu et al., 2010; Fu et al., 2011). The severity of the POTS 

symptoms is one major factor that limits patients’ exercise tolerance and the effectiveness of 

training. For patients with moderate to severe POTS, three months may be too short to 

normalize their physical fitness levels and exercise capacity.

Exercise performance after physical training in POTS

After completion of the 3-month exercise training program, stroke volume and cardiac 

output during peak exercise were significantly increased (Figure 1A and 1C). Peak heart rate 

was similar after training versus before training (Figure 1B). Increases in heart size and mass 

and blood volume expansion associated with endurance exercise training seem to be 

responsible for the increases in peak stroke volume and cardiac output in these patients. 

Stroke volume became higher while heart rate was lower at any given VO2 during exercise 

in POTS patients after training (Figure 1A and 1B) (Shibata et al., 2012); however, both of 

these two variables were not normalized to the levels of healthy sedentary controls. These 

findings suggest that short-term (i.e., 3 months) exercise training may be insufficient for 

many POTS patients. A longer duration of training is needed to reverse functional capacity 

and effect a long-term “cure” of POTS in the majority of patients. We assume that patients 

must continue to train in order to preserve the improvements observed after the initial 

exercise intervention. Certainly from a public health standpoint, a life long habit of regular 

physical activity is a worthwhile goal and should be the target for all patients, not only those 
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with POTS. Life-long training at a “dose” of at least 4–5 times per week has profound 

effects on cardiovascular structure and function and should be encouraged (Bhella et al., 

2014). The relationship between cardiac output and VO2 remained the same after training 

(Figure 1C). Heart rate recovery from peak exercise was faster after training in POTS 

patients (Shibata et al., 2012), indicating an improvement in autonomic circulatory control 

(i.e., an increase in vagal reactivation and a decrease in sympathetic tone). Training did not 

affect blood pressure and total peripheral resistance responses to exercise in POTS patients 

(Figure 1E and 1F).

In summary, during acute exercise POTS patients have excessive increases in heart rate and 

reduced stroke volume at absolute workload compared with healthy sedentary individuals, 

but there is no difference in the heart rate responses between groups at relative workload 

(%VO2peak). The cardiac output-VO2 relation is similar between patients and healthy 

individuals. Exercise training increases VO2peak and peak stroke volume and cardiac output 

in POTS patients. Stroke volume is higher and heart rate is lower at any given VO2 during 

exercise after training. However, the cardiac output-VO2 relation remains the same. It is 

suggested that patients with POTS have no intrinsic abnormality of heart rate regulation 

during exercise. The tachycardia in POTS is due to a reduced stroke volume. Cardiac 

remodeling and blood volume expansion associated with endurance training increase 

physical fitness and improve exercise performance in these patients.

Acknowledgments

Support for this work was provided in part by the National Institutes of Health (HL075238 grant).

References

Arnold AC, Okamoto LE, Diedrich A, Paranjape SY, Raj SR, Biaggioni I, Gamboa A. Low-dose 
propranolol and exercise capacity in postural tachycardia syndrome: a randomized study. 
Neurology. 2013; 80:1927–1933. [PubMed: 23616163] 

Astrand PO, Cuddy TE, Saltin B, Stenberg J. Cardiac Output During Submaximal and Maximal Work. 
J Appl Physiol. 1964; 19:268–274. [PubMed: 14155294] 

Best S, Okada Y, Galbreath MM, Jarvis SS, Bivens TB, Adams-Huet B, Fu Q. Age and sex differences 
in muscle sympathetic nerve activity in relation to haemodynamics, blood volume and left 
ventricular size. Exp Physiol. 2014; 99:839–848. [PubMed: 24443350] 

Bhella PS, Hastings JL, Fujimoto N, Shibata S, Carrick-Ranson G, Palmer MD, Boyd KN, Adams-
Huet B, Levine BD. Impact of lifelong exercise “dose” on left ventricular compliance and 
distensibility. J Am Coll Cardiol. 2014; 64:1257–1266. [PubMed: 25236519] 

Brilla LR, Stephens AB, Knutzen KM, Caine D. Effect of strength training on orthostatic hypotension 
in older adults. J Cardiopulm Rehabil. 1998; 18:295–300. [PubMed: 9702609] 

Carrick-Ranson G, Hastings JL, Bhella PS, Shibata S, Levine BD. The effect of exercise training on 
left ventricular relaxation and diastolic suction at rest and during orthostatic stress after bed rest. 
Exp Physiol. 2012; 98:501–513. [PubMed: 23002243] 

Chomsky DB, Lang CC, Rayos GH, Shyr Y, Yeoh TK, Pierson RN 3rd, Davis SF, Wilson JR. 
Hemodynamic exercise testing. A valuable tool in the selection of cardiac transplantation 
candidates. Circulation. 1996; 94:3176–3183. [PubMed: 8989126] 

Convertino VA. Endurance exercise training: conditions of enhanced hemodynamic responses and 
tolerance to LBNP. Med Sci Sports Exer. 1993; 25:705–712.

Fu and Levine Page 5

Auton Neurosci. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Dorfman TA, Levine BD, Tillery T, Peshock RM, Hastings JL, Schneider SM, Macias BR, Biolo G, 
Hargens AR. Cardiac atrophy in women following bed rest. J Appl Physiol (1985). 2007; 103:8–16. 
[PubMed: 17379748] 

Figueroa RA, Arnold AC, Nwazue VC, Okamoto LE, Paranjape SY, Black BK, Robertson D, 
Biaggioni I, Raj SR, Gamboa A. Acute Volume Loading and Exercise Capacity in Postural 
Tachycardia Syndrome. J Appl Physiol (1985). 2014; 117:663–668. [PubMed: 25059240] 

Fu Q, Levine BD. Cardiovascular response to exercise in women. Med Sci Sports Exer. 2005; 
37:1433–1435.

Fu Q, VanGundy TB, Galbreath MM, Shibata S, Jain M, Hastings JL, Bhella PS, Levine BD. Cardiac 
origins of the postural orthostatic tachycardia syndrome. J Am Coll Cardiol. 2010; 55:2858–2868. 
[PubMed: 20579544] 

Fu Q, VanGundy TB, Shibata S, Auchus RJ, Williams GH, Levine BD. Exercise training versus 
propranolol in the treatment of the postural orthostatic tachycardia syndrome. Hypertension. 2011; 
58:167–175. [PubMed: 21690484] 

Galbreath MM, Shibata S, VanGundy TB, Okazaki K, Fu Q, Levine BD. Effects of exercise training 
on arterial-cardiac baroreflex function in POTS. Clin Auton Res. 2011; 21:73–80. [PubMed: 
21103906] 

Greenleaf JE, Sciaraffa D, Shvartz E, Keil LC, Brock PJ. Exercise training hypotension: implications 
for plasma volume, renin, and vasopressin. J Appl Physiol Respir Environ Exerc Physiol. 1981; 
51:298–305. [PubMed: 7021505] 

Haller RG, Henriksson KG, Jorfeldt L, Hultman E, Wibom R, Sahlin K, Areskog NH, Gunder M, 
Ayyad K, Blomqvist CG, et al. Deficiency of skeletal muscle succinate dehydrogenase and 
aconitase. Pathophysiology of exercise in a novel human muscle oxidative defect. J Clin Invest. 
1991; 88:1197–1206. [PubMed: 1918374] 

Hastings JL, Krainski F, Snell PG, Pacini EL, Jain M, Bhella PS, Shibata S, Fu Q, Palmer MD, Levine 
BD. Effect of rowing ergometry and oral volume loading on cardiovascular structure and function 
during bed rest. J Appl Physiol (1985). 2012; 112:1735–1743. [PubMed: 22345434] 

Joyner MJ, Masuki S. POTS versus deconditioning: the same or different? Clin Auton Res. 2008; 
18:300–307. [PubMed: 18704621] 

Julius S, Amery A, Whitlock LS, Conway J. Influence of age on the hemodynamic response to 
exercise. Circulation. 1967; 36:222–230. [PubMed: 4952658] 

Lewis SF, Taylor WF, Graham RM, Pettinger WA, Schutte JE, Blomqvist CG. Cardiovascular 
responses to exercise as functions of absolute and relative work load. J Appl Physiol. 1983; 
54:1314–1323. [PubMed: 6863092] 

Low PA, Sandroni P, Joyner M, Shen WK. Postural tachycardia syndrome (POTS). J Cardiovasc 
Electrophysiol. 2009; 20:352–358. [PubMed: 19207771] 

Mancini D, Katz S, Donchez L, Aaronson K. Coupling of hemodynamic measurements with oxygen 
consumption during exercise does not improve risk stratification in patients with heart failure. 
Circulation. 1996; 94:2492–2496. [PubMed: 8921793] 

Masuki S, Eisenach JH, Schrage WG, Dietz NM, Johnson CP, Wilkins BW, Dierkhising RA, Sandroni 
P, Low PA, Joyner MJ. Arterial baroreflex control of heart rate during exercise in postural 
tachycardia syndrome. J Appl Physiol. 2007a; 103:1136–1142. [PubMed: 17673566] 

Masuki S, Eisenach JH, Schrage WG, Johnson CP, Dietz NM, Wilkins BW, Sandroni P, Low PA, 
Joyner MJ. Reduced stroke volume during exercise in postural tachycardia syndrome. J Appl 
Physiol. 2007b; 103:1128–1135. [PubMed: 17626834] 

McGuire DK, Levine BD, Williamson JW, Snell PG, Blomqvist CG, Saltin B, Mitchell JH. A 30-year 
follow-up of the Dallas Bedrest and Training Study: II. Effect of age on cardiovascular adaptation 
to exercise training. Circulation. 2001; 104:1358–1366. [PubMed: 11560850] 

Mtinangi BL, Hainsworth R. Increased orthostatic tolerance following moderate exercise training in 
patients with unexplained syncope. Heart (British Cardiac Society). 1998; 80:596–600. [PubMed: 
10065030] 

Parsaik A, Allison TG, Singer W, Sletten DM, Joyner MJ, Benarroch EE, Low PA, Sandroni P. 
Deconditioning in patients with orthostatic intolerance. Neurology. 2012; 79:1435–1439. 
[PubMed: 22993288] 

Fu and Levine Page 6

Auton Neurosci. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Perhonen MA, Zuckerman JH, Levine BD. Deterioration of left ventricular chamber performance after 
bed rest: “cardiovascular deconditioning” or hypovolemia? Circulation. 2001; 103:1851–1857. 
[PubMed: 11294802] 

Proctor DN, Beck KC, Shen PH, Eickhoff TJ, Halliwill JR, Joyner MJ. Influence of age and gender on 
cardiac output-VO2 relationships during submaximal cycle ergometry. J Appl Physiol. 1998; 
84:599–605. [PubMed: 9475871] 

Raj, SR.; Levine, BD. Postural tachycardia syndrome (POTS) diagnosis and treatment: Basics and new 
developments. 2013. http://crmcardiosourceorg/Learn-from-the-Experts/2013/02/POTS-
Diagnosis-and-Treatment

Raven PB, Pawelczyk JA. Chronic endurance exercise training: a condition of inadequate blood 
pressure regulation and reduced tolerance to LBNP. Med Sci Sports Exer. 1993; 25:713–721.

Robertson D. The epidemic of orthostatic tachycardia and orthostatic intolerance. Am J Med Sci. 
1999; 317:75–77. [PubMed: 10037110] 

Saltin B, Blomqvist G, Mitchell JH, Johnson RL Jr, Wildenthal K, Chapman CB. Response to exercise 
after bed rest and after training. Circulation. 1968; 38:VII1–78. [PubMed: 5696236] 

Schondorf R, Low PA. Idiopathic postural orthostatic tachycardia syndrome: an attenuated form of 
acute pandysautonomia? Neurology. 1993; 43:132–137. [PubMed: 8423877] 

Shibata S, Fu Q, Bivens TB, Hastings JL, Wang W, Levine BD. Short-term exercise training improves 
the cardiovascular response to exercise in the postural orthostatic tachycardia syndrome. J Physiol. 
2012; 590:3495–3505. [PubMed: 22641777] 

Shibata S, Perhonen M, Levine BD. Supine cycling plus volume loading prevent cardiovascular 
deconditioning during bed rest. J Appl Physiol. 2010; 108:1177–1186. [PubMed: 20223994] 

Shook RP, Fu Q, Vangundy TB, Shibata S, Hastings JL, Conner CL, Palmer MD, Levine BD. Patients 
with Postural Orthostatic Tachycardia Syndrome (POTS) have a lower level of fitness compared to 
healthy but sedentary females. Med Sci Sports Exer. 2007; 39:S169. (abstract). 

Taivassalo T, Jensen TD, Kennaway N, DiMauro S, Vissing J, Haller RG. The spectrum of exercise 
tolerance in mitochondrial myopathies: a study of 40 patients. Brain. 2003; 126:413–423. 
[PubMed: 12538407] 

Fu and Levine Page 7

Auton Neurosci. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://crmcardiosourceorg/Learn-from-the-Experts/2013/02/POTS-Diagnosis-and-Treatment
http://crmcardiosourceorg/Learn-from-the-Experts/2013/02/POTS-Diagnosis-and-Treatment


Highlights

• Patients with the Postural Orthostatic Tachycardia Syndrome (POTS) have 

exercise intolerance.

• During acute exercise, POTS patients have an excessive increase in heart rate 

and reduced stroke volume for each level of absolute workload; however, when 

expressed at relative workload, there is no difference in the heart rate response 

between patients and healthy individuals.

• Exercise performance is improved after short-term (3 months) exercise training. 

Specifically, stroke volume is greater and heart rate is lower at any given VO2 

during exercise after training versus before training.
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Figure 1. 
Changes of stroke volume (SV, A), heart rate (HR, B), cardiac output (Qc, C), arterio-

venous oxygen content difference (A-vDO2, D), mean arterial pressure (MAP, E), and total 

peripheral resistance (TPR, F) in relation to changes of oxygen uptake (VO2) during upright 

treadmill exercise in healthy sedentary individuals and patients with POTS before and after 

3-month endurance training. Adapted with permission from Shibata et al (Shibata et al., 

2012).
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Figure 2. 
Heart rate (HR) responses, when expressed at percent of peak oxygen uptake (VO2peak), 

between POTS patients and healthy sedentary individuals. Data from our laboratory (Robin 

et al., 2007 abstract).
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