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Abstract

The diagnosis of neuropathic postural tachycardia syndrome (POTS) requires research techniques 

not available clinically. We hypothesized that these patients will have impaired vagal and 

sympathetic cardiovascular control that can be characterized with clinical autonomic tests. We 

included 12 POTS patients with possible neuropathic subtype because of normal plasma 

norepinephrine and no increase in upright blood pressure (BP). We compared them to 10 healthy 

subjects. We assessed hemodynamics, raw (rMSNA) and integrated neural activity (iMSNA) 

during autonomic testing, heart rate (HR) and BP variability, baroreflex sensitivity (BRS), and 

blood volume. In order to understand the vagal/sympathetic control we dissect the phase 2 of 

Valsalva maneuver (VM) into early (VM2e) and late (VM2l). POTS’ upright HR increased 43±3 

bpm. Patients had normal plasma volume but reduced red blood cell volume (1.29 L vs. predicted 

normal values 1.58 L, p=0.02). Vagal indices of HR variability, HFRRI (430±130 vs.1680±900, 

p=0.04), PNN50 and RMSSD were lower in POTS. Patients showed a decrease in vagal BRS 

(VM2e, p=0.04). In POTS, iMSNA was lower at rest (12±1.5 vs. 20±2 burst/min, p=0.004) and 

rMSNA spike analysis showed blunted responses during VM2e, despite a greater drop in systolic 

blood pressure (34±5 in POTS and 14±6 mmHg in controls, p=0.01). This cohort of POTS patients 

enriched for possible neuropathic subtype had lower resting MSNA, impaired vagal cardiac 

control and exaggerated drop in BP in response to VM, and a delay in the sympathetic 

cardiovascular responsiveness during hypotensive challenge.

CORRESPONDENCE: André Diedrich, MD, PhD, Research Professor of Medicine & Research Professor of Biomedical 
Engineering, Autonomic Dysfunction Center, Vanderbilt University, 1161 21st Avenue South, Suite AA3226 MCN, Nashville, TN 
37232-2195, Phone: (615) 343-6499, Fax: (615) 343-8649, andre.diedrich@vumc.org. 

CONFLICT(S) OF INTEREST/DISCLOSURE(S)
No conflicts of interest. Nothing to disclose.

HHS Public Access
Author manuscript
Hypertension. Author manuscript; available in PMC 2020 May 01.

Published in final edited form as:
Hypertension. 2019 May ; 73(5): 1087–1096. doi:10.1161/HYPERTENSIONAHA.118.11803.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Neuropathic POTS; Sympathetic; Vagal; Muscle sympathetic nerve activity; Valsalva Maneuver; 
Baroreflex control

Introduction

Postural tachycardia syndrome (POTS) is an increasingly recognized cause of functional 

disability in otherwise healthy young women. The prevalence of POTS is about 0.2%,1 it 

affects millions of people around the world, and is most common among otherwise healthy 

women of child-bearing age.2 The syndrome is characterized by frequent symptoms while 

upright that limit their ability to stand, and are relieved with lying down. Common 

symptoms include lightheadedness, mental clouding, blurred vision, irritation, palpitation, 

and chest discomfort. Symptoms should last for at least six months.3, 4 The hallmark of 

POTS is the remarkable increase in heart rate upon standing, greater than 30 bpm, in the 

absence of a significant drop in blood pressure.5

Multiple pathophysiologies have been described in order to explain the symptoms and 

findings in POTS, supporting the assumption that this syndrome is heterogeneous.6, 7 

Despite the controversies of possible mechanistic causalities, altered autonomic 

cardiovascular regulation and disturbed plasma volume homeostasis are among the most 

intriguing mechanisms involved in this syndrome.8–11

We and others have reported that a subset of patients with POTS have distinct autonomic 

abnormalities, including reduced release of norepinephrine (NE) and abnormal NE clearance 

in lower limbs,12 reduced sympathetic cholinergic sudomotor activity,13, 14 increased 

systemic alpha1 and beta1-adrenoceptor sensitivity,12 and increased alpha-adrenoreceptor 

sensitivity in the superficial leg skin veins15. These finding are compatible with a partial 

sympathetic denervation of the lower extremities and have been used to defined 

“neuropathic POTS”.16

We hypothesized that patients with neuropathic POTS will have impaired vagal and 

sympathetic cardiovascular control. Because there are no standardized criteria to identify 

neuropathic POTS, we studied patients that fulfill the classical criteria for POTS17 but who 

did not have an exaggerated orthostatic increase in plasma catecholamine (>600 pg/ml) or 

the paradoxical orthostatic increase in BP characteristic of hyperadrenergic POTS.8 In this 

cohort of patients enriched for likely neuropathic POTS, we assessed vagal (spectral analysis 

of heart rate) and sympathetic (direct measurement of muscle sympathetic nerve activity, 

MSNA) regulation in response to the Valsalva’s maneuver, and compared their responses to 

healthy controls.

Our short-term goal was to determine if the response to Valsalva’s maneuver can be a simple 

useful tool for identifying patients with neuropathic POTS. Our long-term goal is to improve 

our understanding of the autonomic pathophysiology of neuropathic POTS, in order to 

further help to personalize their treatment.
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Methods

The authors declare that all supporting data are available within the article and its online 

supplementary files.

Subjects:

Twelve female patients with POTS, referred to our tertiary Autonomic Dysfunction Center at 

Vanderbilt University, were selected after fulfilling the following criteria: chronic orthostatic 

symptoms such as dizziness, syncope, palpitation and chest tightness, fatigue, unable to 

stand for long time; an increase in HR more than 30 beats/ minute after an orthostatic 

challenge, either during head up tilt or standing still up to 10 minutes; upright plasma 

norepinephrine concentration not exceeding 600 pg/ml during an in-patient evaluation off 

medications; and no significant decrease or increase in systolic BP upon orthostatic 

challenge for at least 6 months. Patients were excluded if other medical condition explained 

their illness. Patients were compared to ten age- and sex-matched female healthy subjects 

that were recruited from our local pool of volunteers.

Protocol:

The study protocol was approved by the Vanderbilt University Institutional Review Board in 

Human Research. Patients were admitted to our center after discontinuing their medication 

for at least two weeks. After signing an informed consent, all subjects went through a 

medical history and physical examination, and completed an autonomic symptom 

questionnaire. Participants were on a control diet containing 150 mEq of sodium and 70 

mEq of potassium for at least 3 days preceding the studies. They were not allowed to have 

any food or beverages containing caffeine, stimulants or other methylxantines. All 

participants were non-smokers. They refrained from exercise before each study. Each subject 

collected urine for 24 hours for catecholamine determination. The study was performed over 

two consecutive days. Following overnight fasting, blood and plasma volume (PV) were 

assessed for patients on the first study day. Thereafter, supine and upright plasma 

catecholamines, and autonomic function tests were assessed. On the second day, we 

recorded the neural sympathetic and hemodynamic response to the Valsalva’s maneuver 

(VM) in the supine posture, and the response to head up tilt. The tilt table protocol was a 

graded tilt table with increase of tilt angle by 15 degrees for each 5 minutes up to 75 

degrees. The maximal tilt time was 30 minutes at maximal tilt angle or as tolerated. If the 

subject could not tolerate maximal tilt, then the last 5 minutes period (without a pre-

syncopal event) was used for analysis.

Instrumentations and measurements

Autonomic Function Tests: Orthostatic vital signs were determined by measuring heart 

rate (HR) and brachial BP using oscillometric brachial BP (Vital-Guard 450C, Ivy 

Biomedical Systems, Inc., Branford, CT) during upright posture after overnight supine 

period. In all following autonomic tests, continuous 3 lead ECG and continuous blood 

pressure waveform were measured on the middle finger of the non-dominant hand (Finapres, 

Ohmeda, Englewood, CO) and verified using brachial BP on the contralateral arm. 

Cardiovascular sympathetic indices were assessed as: 1) maximal decrease in systolic BP 
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during one minute of hyperventilation; 2) maximal increase in systolic BP during hand grip 

(Model 76618, Lafayette Instrument Co., Indiana) at 30% of the maximal voluntary 

contraction for three minutes; 3) increase in systolic BP after immersion of the contra-lateral 

hand in iced water for one minute (Cold Pressor test); 4) maximal decrease in systolic BP 

during early phase 2 of the VM (VM2e, see details in the Online Supplement, Figure S2); 

and 5) pressure recovery time after the Valsalva maneuver (PRT, the amount of time required 

for the systolic BP to reach baseline from its nadir during phase 2I of VM, Figure S2). 

Cardio-vagal indices were assessed as: 1) sinus arrhythmia ratio, determined during 60 

seconds of controlled breathing with 6 breaths per minutes and calculated as the ratio of the 

longest to the shortest R-R interval; 2) heart rate ratio during the VM, calculated from the 

maximal HR during straining divided by the lowest HR during the overshoot phase 4).18

Phase 2 of the VM was divided into two phases (VM2e, early and VM2l, late) as follows: 

the beginning of VM2e was considered as the first decrease in diastolic BP after phase I; the 

beginning of VM2l (also the end of VM2e) was defined as the first increase in diastolic BP 

after the nadir (see details in the Online Supplement Figure S2).

Blood Volume and Catecholamines:

Patients were on a diet containing 150 mEq of sodium and 70 mEq of potassium for at least 

three days prior to the study. After remaining supine overnight, subjects underwent 

assessment of PV and Hct. The blood volume analysis was performed by the 

radiopharmaceutical tracer dilution technique utilizing a calibrated dose of iodine (I-131) 

labeled human serum albumin (Volumex, DAXOR Corp, New York, NY) at 25 μCi. 

Predicted normal blood volumes and hematocrit were calculated as proposed by Feldschuh 

et al 1977 and others.19–21

Plasma and urine concentrations of norepinephrine and epinephrine were assayed by HPLC, 

in a method modified from Goldstein et al.22

Muscle Sympathetic Nerve activity:

Muscle sympathetic nerve activity (MSNA) was recorded from the peroneal nerve of the left 

leg as detailed in the Online Supplement and elsewhere.23 Satisfactory recordings of MSNA 

were defined by (1) heart pulse synchronicity; (2) activation during VM straining and 

suppression during the hypertensive overshoot phase after VM release; (3) increases in 

response to breath-holding; and (4) no change during tactile or auditory stimulation.24, 25 

MSNA activity was assessed while supine, during controlled VM with exhaled strength up 

to 40 mmHg for 15 seconds, and during last 5 minutes of HUT.

Time and frequency domain analysis of HR variability (HRV), BP variability, and baroreflex 
sensitivity:

For HRV estimation in the time domain, root mean squared of successive differences of R-

R intervals (RMSSD RRI) and percentage of interval changes greater than 50 milliseconds 

to normal sinus R-R intervals (PNN50) were calculated.26
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For HRV estimation in the frequency domain, beat-to-beat values of detected RRI and 

systolic BP values were interpolated, low-pass filtered (cutoff 0.5 Hz) and re-sampled at 4 

Hz. Data segments of 300 seconds were used for spectral analysis. Linear trends were 

removed and power spectral density was estimated with the FFT-based Welch algorithm 

using segments of 256 data points with 50% overlapping and Hanning window. The power 

in the frequency range of low frequencies (LF: 0.04 to 0.15 Hz) and high frequencies (HF: 

0.15 to 0.40 Hz) was calculated following Task Force recommendations.27, 28

Spectral Baroreflex Gain (alpha-index) was computed as the root square of the ratios of the 

spectral powers of RRI to systolic BP in the LF and HF frequencies ranges, respectively.29.

Spontaneous Baroreflex Slope was calculated from the linear regression line between the 

systolic BP and the subsequent R-R intervals using sequences defined as episodes of systolic 

BP rise with RRI prolongation (BRSseq_up) or BP decrease with RRI shortening 

(BRSseq_down) for more than 0.5 mmHg per beat over at least 3 heart beats. Average values 

of all slopes with a correlation coefficient greater than 0.85 were calculated for BRSseq_up 

and BRSseq_down.30

Baroreflex Slope extrapolated from Valsalva’s maneuver. The cardio-vagal BRS was 

assessed during two phases. The first slope was extrapolated from plotting the changes in 

systolic BP against the changes in RRI during phase VM2e. The second slope was 

extrapolated from the same parameters during recovery phases, 3 and 4 of VM.31 The 

sympathetic BRS was calculated as the ratio between drop in BP, during phase 3 and the 

pressure recovery time (PRT).32, 33 , 34

Spike Detection in raw MSNA.

Action-potential spikes were detected in the raw neurogram recordings using two-stage 

kurtosis wavelet denoising and invariant stationary wavelet transform. Please see details in 

the Online Supplement. Action potentials were detected in the denoised MSNA signal and a 

resultant instantaneous spike rate series was constructed. Spike frequency parameters for 

each heart beat were estimated using mean, median, and maximum spike frequency for each 

beat-to-beat interval and smoothed with a sliding median filter over three heart beats.
24, 35, 36.

Statistics:

Results are presented as mean±SD and statistical significance was set at 0.05. Parametric 

and non-parametric paired two-sided t-test or Wilcoxon test was used for comparison 

between measurements. A linear correlation was used to calculate the corresponding 

baroreflex slopes. Data was analyzed with Matlab (Mathworks, Natick, MA, USA), 

Microsoft Office Excel, and Prizm version 6.02 (GraphPad Software Inc., LA, Jolla, CA, 

USA).
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Results

General data:

Participants’ general characteristics and symptoms are depicted in Table 1. The prevalence 

of syncope was high (75%) in this cohort of POTS patients, but the frequency of episodes 

was low, and had the clinical characteristics of vaso-vagal events. One control subject had a 

single episode of syncope during a febrile illness. Patients with POTS had a significant 

reduction in red blood cell volume (−18±1.4% of predicted normal values (p<0.05). Plasma 

and total blood volume were not significantly different as compared to the predicted normal 

values (0±0% and −7±1.3%, respectively).

Hemodynamic, autonomic function tests and catecholamines:

Blood pressure during supine and HUT was comparable in both groups (Table 2). In 

response to HUT, the HR increased 40±3 bpm in POTS and 16±3 bpm in controls, 

(p<0.001). Autonomic function tests showed that the sinus arrhythmia ratio was lower in 

patients compared to controls (p<0.001), but VM heart rate ratio was similar between 

groups. The POTS group had a significant decrease in systolic BP during phase 2 of the VM 

(p<0.05), whereas BP overshoot during phase 4 was not higher (p=0.40).

For the purpose of the present study, we dissected the hemodynamic profile of VM phase 2, 

comparing early phase (VM2e) to the late phase (VM2l). As shown in Figure 1 and 2, the 

decrease in systolic BP during VM2e was significantly greater in POTS, and did not recover 

to baseline level during VM2l (Figure 1, left; Figure 2, upper panel). Diastolic BP decreased 

only in POTS during VM2e and showed a blunted increase during VM2l (Figure 2, middle 

panel). Interestingly, both groups demonstrated similar HR increase during VM2e. But the 

HR increase during VM2l was significantly higher in patients (Figure 2, lower panel). A 

representative zoomed view during straining (Figure 1) is presented in the Online 

Supplement (Figure S3).

Plasma concentrations of norepinephrine (NE), epinephrine (EP), and 

dihydroxyphenylglycol to NE ratio (DHPG/NE) were similar in both groups during supine 

and upon standing up to 30 minutes. DHPG/NE ratio decreases similarly and significantly 

(p<0.002), in both groups. In addition, 24 hours urine catecholamines were similar (see 

Table 2).

Muscle sympathetic nerve activity:

Integrated MSNA (iMSNA), expressed as burst/minute, burst/100b and area averaged over 5 

minutes, measured during rest supine and during the last 5 minutes of HUT are shown in 

Table 2. Patients showed lower iMSNA during supine, but the increase was similar during 

HUT. Of note, iMSNA bursts/100b during HUT tended to be lower in POTS, but did not 

reach statistical significance. Also, total iMSNA was comparable during VM2e and VM2l, 

as shown in Figure 3 (upper panel).

However, during VM2e, instantaneous averaged spike rate (POTS 19±3 vs. CON 30±4 

spikes/sec, p=0.04) and maximal spike rate (75±10 vs. 114±14 spikes/s, p=0.03) were lower 

Jacob et al. Page 6

Hypertension. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in patients as compared to controls (Online Supplement, Table S1). During VM2l, mean 

spike rate tend to be lower in patients (21±4 vs. 35±5 spikes/sec, p=0.06) but maximal spike 

rate was comparable in both groups (85±9 vs. 108±13 spikes/sec, p=0.16). Total beat-to-beat 

spike count was also significantly lower during VM2e in POTS, and comparable during 

VM2l between the groups, as shown in Figure 3 (second panel, for total data). Mean and 

maximal beat-to-beat peak spike frequency was lower in POTS during VM2e as shown in 

Figure 3 (bottom panels and Table S1). A representative expanded view during straining 

(Figure 1) is presented in the Online Supplement (Figure S3). This example shows that the 

organization of burst pattern changed to one with a weaker beat to beat synchronicity.

Spectral analysis of heart rate and blood pressure:

As shown in Figure 4, vagal indices of the frequency and time-domain analysis of the HR 

variability, HFRRI, PN50% and RMSSD, were significantly lower in patients compared to 

controls. But none of the sympathetic indices of HR and BP variability were different. 

However, LFRRI to HFRRI ratio tended to be higher in patients without reaching statistical 

significance.

Baroreflex sensitivity and rates:

As shown in Figure 4 (lower panel), both spectral and sequence methods showed significant 

change in the cardiac vagal BRS. The decrease in RR intervals in response to the decrease in 

BP (BRS seq_down) was preserved in patients compared to healthy controls. Interestingly, 

POTS patients showed a significant decrease in their vagal BRS as extrapolated from the 

response from the BP fall and the corresponding RR intervals shortening VM2e (p=0.04), 

but not from the VM4, where BP and RRI increase (p=0.35). The sympathetic BRS (Drop in 

SBP during phase 3 divided by PRT) was −16±1.2 in patients with POTS and −13.3±1.75 

mmHg/sec in controls, p=0.23.

The rate of the rise in HR during VM2 was 4.3±0.3 beat/second in patients and 4.1±0.3 in 

controls (p=0.65). Pressure recovery time (PRT), the amount of time required for the systolic 

BP to reach baseline level from the nadir (phase 3 of VM) was similar in POTS compared to 

controls (2.25s±0.23 and 1.94s±0.17, respectively, p=0.35).

Discussion

The remarkable increase in HR upon standing, the nature of the symptoms, and the presence 

of high plasma norepinephrine in half of the patients with POTS would suggest that this 

syndrome is universally characterized by a “hyperadrenergic state”. However, we previously 

found that in some patients with POTS the high circulating plasma norepinephrine was due 

to a decrease in neuronal norepinephrine clearance rather than to an increase in systemic 

norepinephrine spillover.12, 37 Also, we found a defective norepinephrine spillover 

circumscribed to the lower extremities, whereas it was preserved in the upper extremities of 

these patients with POTS. This finding agrees with others showing a loss of sweating ability 

in the feet, as revealed by quantitative sudomotor axon reflex testing14 and hypersensitivity 

of alpha-1-adrenoreceptors in lower extremity veins in some patients with POTS.15 

Therefore, this subgroup of patients was named “neuropathic POTS”.16
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Even if the existence of a subset of patients with neuropathic POTS is generally recognized, 

the clinical criteria for identifying such patients has not been defined .8, 38 The disorder was 

originally recognized based on norepinephrine spillover methodology, but this is not 

available clinically.16, 39 Also, Gibbsons et al found that leg skin biopsy analysis of 

intradermal nerve fiber density is not universally helpful in distinguishing neuropathic from 

non-neuropathic POTS, because healthy controls could have similar findings.40 In the 

present study we excluded patients with POTS that had an exaggerated increase in blood 

pressure or plasma norepinephrine on standing, to enrich our cohort with those with “likely” 

neuropathic POTS. This cohort was characterized by an exaggerated decrease in SBP during 

early phase 2 of Valsalva and attenuated blood pressure recovery during late phase 2. 

Importantly, these findings were associated with lower sympathetic response to these blood 

pressure decreases, implying that indeed these patients likely correspond to neuropathic 

POTS.

MSNA is an important research tool but is not widely available. It is important, therefore, to 

highlight the autonomic phenotypic characteristics of the POTS patients described here as 

likely neuropathic. We found that these patients had: 1) a decrease in indices of vagal 

cardiac control (HFRRI), 2) reduced cardiovagal baroreflex gain, 3) exaggerated decrease in 

SBP during early phase 2 of Valsalva, and 4) attenuated blood pressure recovery during late 

phase 2 of Valsalva. Resting supine vagal indices of HR variability, both in the time and 

frequency domains (HFRRI, RMSSD and PNN50%) were significantly lower in our POTS 

patients compared to control. Likewise, all methods applied in this study to extrapolate the 

BRS showed impaired cardio-vagal baroreflex sensitivity during phase 2 of the VM. This 

allows us to clinically identify patients with likely neuropathic POTS, in whom impaired 

hemodynamic changes in the VM correlated with blunted responses of the sympathetic 

nervous system.

Hemodynamic responses to the VM have been suggested as helpful in the identification of 

POTS patient subsets. An exaggerated overshoot of BP during VM phase 4 was consider 

suggestive of hyperadrenergic POTS,8 whereas absence or attenuated increase in BP during 

VM2l was attributed as indicative of neuropathic POTS.14, 41 Our study, which included 

direct measurements of sympathetic nerve traffic, supports the latter.

Baroreflex sensitivity has an essential role in blood pressure and heart rate control and it 

reflects the functional integrity of the autonomic nervous system. In patients with 

widespread autonomic failure, the severity of the autonomic impairment correlates with the 

extent of the decrease in cardiac vagal baroreflex sensitivity, extrapolated from the VM.42 In 

neuropathic POTS the autonomic impairment is partial, as evidence by preserved orthostatic 

BP. However, there is no agreement from previous studies about the baroreflex control of 

HR in patients with POTS. Jacob et al12 and Stewart et la43 reported a decrease in the vagal 

arm of baroreflex, while Bonyhay et al44 and Muenter et al45 showed an increase in the 

sympathetic arm with preserved vagal arm of the baroreflex. Mustafa et al46 found only the 

sympathetic arm of baroreflex was compromised. However, Furlan et al47 and Jordan et al48 

reported a normal function of the baroreflex. Similarly, confounding data exists on HR 

variability analysis, of both time- and frequency domains, in patients with POTS. Most 

reports showed high LFRRI/HFRRI ratio, and this has been interpreted as increased 
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sympathetic control on HR, but the higher ratio was often due to very low HFRRI, rather than 

to a high LFRRI, which suggests for a compromised vagal cardiac control.43, 47, 49 We and 

others have suggested that these contradictory reports are the results of the heterogeneity of 

the syndrome and the inclusion of patients with neuropathic and hyperadrenergic subtypes.44 

In our “neuropathic” cohort of POTS patients we found that the BRS extracted from VM2e 

(dominant cardiovagal inhibitory phase) is decreased, but the BRS extracted from VM3–4 

(maximal sympathetic activation followed by cardiovagal activation) is preserved.

Direct sympathetic activity recording (MSNA) offers superior information on the central 

sympathetic control of the cardiovascular system. Previous reports about MSNA in POTS 

also suffer from inclusion of a heterogeneous group of patients, yielding contradictory 

results. Furlan et al, reported higher burst rate (bursts/min) of MSNA during rest and 

comparable with control during tilt.47 Muenter et al, showed normal MSNA (burst/min and 

burst/100beat) signal at rest and exaggerated MSNA response to baroreflex challenges, such 

as to VM2e.45 Lambert showed no differences in resting sympathetic activity but 

exaggerated response to tilt .50 Bonyhay and Freeman showed that POTS patients compared 

to healthy female control have comparable MSNA burst frequency (minute) and lower burst 

incidence (per 100 beats), during resting condition and increase upon baroreflex unloading.
44 Our patient selection, enriched for patients with high probability of having neuropathic 

POTS, showed that incidence, burst frequency and area of integrated MSNA were lower as 

compared to controls while supine, but these indices were comparable to controls during 

HUT.

Traditional analysis relying on the integration of the neurogram and analysis of bursts has its 

limitations; it may not capture rapid changes in firing properties during the short Valsalva 

maneuver. We have developed a technique that allows direct analysis of action potentials in 

the raw neurogram, and applied this approach to study sympathetic activity.24, 35, 36, 51 

Similar techniques have been also used by others to describe firing pattern during VM.52, 53 

Whereas the analysis of the integrated neurogram iMSNA did not provide sufficient 

information during Valsalva maneuver, spike rate analysis confirmed changes in the 

sympathetic neural firing pattern especially in the early phase 2 of the Valsalva maneuver. It 

could be argued that beat-to-beat spike frequency results are compromised by the higher 

heart rates in POTS. However, averaged and maximal spike instantaneous rate, measured in 

spikes per seconds – which is independent of heart rate, is diminished in early phase 2 of 

VM in POTS. We found only marginal decrease of averaged beat-to beat spike count 

(p=0.05) and averaged beat-to-beat mean spike frequency (p=0.07) in late phase 2 of VM. 

This points out that the possible sympathetic dysfunction in POTS is mostly a problem of 

recruitment of neurons to counteract blood pressure fall during early phase VM with 

vasoconstriction efficiently. The reported increased overshoot in phase 4 of Valsalva 

maneuver might be the result of the delayed sympathetic activation.

Limitations

The initial selection of patients was arbitrary, mostly avoiding patients with clinical 

characteristics of hyperadrenergic POTS, by enriching the studied cohort with neuropathic 

POTS. We did not use norepinephrine spillover, the gold standard to define neuropathic 
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POTS, because of purified isotopes for human use were not available. We cannot ensure, 

therefore that our patient cohort is exclusively comprised of neuropathic POTS. We did not 

add a group of “hyperadrenergic” POTS patients to the study because there is not a unique 

definition of “hyperadrenergic” POTS available. Existing definitions create a more diffuse 

cohort and make interrelation of data more difficult. Finally, our small sample size may 

result in type II errors in the differences that did not reach significance.

Summary:

This is a study on a subgroup of patients with POTS, that were selected due to their likely 

neuropathic type presentation. This group showed the following characteristics of 

hemodynamic and cardiovascular autonomic control: 1) remarkable decrease in systolic and 

diastolic BP during VM2e that did not recover to baseline during late phase VM2, 2) lower 

supine resting MSNA and lower MSNA during the orthostatic challenge, 3) changes in 

neural sympathetic firing pattern during baseline and in response to Valsalva characterized 

by diminished sympathetic control in the early phase VM2, and 4) reduced cardio-vagal 

baroreflex function.

Conclusion:

Based on the finding of the present study we may suggest that patients with suspected 

neuropathic POTS could be defined by applying the Valsalva’s maneuver hemodynamic 

characteristics and the cardio-vagal baroreflex sensitivity.

Perspectives:

We have shown that the engagement of vagal and sympathetic system to hypotensive stimuli 

is changed in a cohort with enriched neuropathic POTS. A more detailed analysis of 

sympathetic firing properties in POTS will be the next step in future research which might 

allow to identify subgroups of POTS for optimization of therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NOVELTY AND SIGNIFICANCE

What Is New?

• This study demonstrated that Valsalva’s maneuver carefully performed in 

patients with POST could help to select those patients having neuropathic 

etiology.

• Hemodynamic dissection of the Valsalva’s’ maneuver in neuropathic POTS 

reveals an exaggerated decrease in blood pressure during phase 2 compared to 

healthy subjects.

• Moreover, the vagal control of the heart in neuropathic POTS is compromised 

and the sympathetic activity neurovascular coupling may be impaired.

What Is Relevant?

• A cohort of patients suffering from POTS, high heart rates but normal upright 

blood pressure, showed a peculiar and abnormal cardiac and vascular 

neuronal control.

Summary

• A simple Valsalva’s maneuver performed in POTS patients, with adequate 

hemodynamic monitoring, is a useful tool to select patients with neuropathic 

etiology, and may help in tailoring an adequate treatment.
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Figure 1. 
Representative response of heart rate, blood pressure, integrated muscle sympathetic nerve 

activity (iMSNA), instantaneous spike frequency and straining pressure to Valsalva 

Maneuver in a patient with neuropathic postural tachycardia syndrome (POTS) and healthy 

volunteer. Spike frequency was derived from wavelet denoised raw MSNA and is expressed 

as number of spikes per seconds.
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Figure 2. 
Averaged changes of systolic (SBP) and diastolic (DBP) blood pressure and heart rate (HR) 

during early (VM2e) and late phase two (VM2l) of Valsalva in patients with postural 

tachycardia syndrome (POTS) and healthy controls (CON).
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Figure 3. 
Averaged sympathetic response during early (VM2e, left panels) and late phase 2 (VM2l, 

right panel) of the Valsalva maneuver in patients with postural tachycardia syndrome 

(POTS) and healthy controls (CON). Response are derived from integrated muscle 

sympathetic activity (iMSNA) and action potential detection on the. raw neurogram (mean 

and peak spike frequency, and total spike count).
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Figure 4. 
Spectral Characteristics of patients with postural tachycardia syndrome (POTS) and healthy 

controls (CON). RRI – R-R intervals. SBP – systolic blood pressure. LF – Low frequency 

power. HF- high frequency power. RMSSD – root of mean square of successive differences. 

PNN50 – percentage of normal heart beats with beat to beat differences less than 50 msec. 

BRS – baroreflex sensitivity by spectral analysis (Spectral BRS), or spontaneous sequence 

technique (Sequence BRS), or regression analysis of Valsalva response (Valsalva BRS).
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Table 1:

General characteristics, blood and plasma volumes, urinary catecholamines, and symptoms of patients with 

postural tachycardia syndrome (POTS, N=12) and healthy controls (N=10).

Parameter POTS Controls

General

Age, years 30±1.8 32±3

Body Mass Index, kg/m2 23±1 23±1

Blood and Plasma Volume

Blood Volume, Liters 4.08 ±0.05 -

Plasma Volume, Liters 2.8±0.03 -

Δ BV% (from predicted normal values) −7±1.3 -

Δ PV% (from predicted normal values) 0±0 -

Δ RBC% (from predicted normal values) −18±1.4 -

24 hours Urine

Norepinephrine μg/l 3.2±5 3±5

Epinephrine, μg/l 5.1±1.2 5.1±1.1

Symptoms

Duration of symptoms, years 3.5±0.9 -

Diagnosis POTS, years 2.5±0.5 -

Dizziness/lightheadedness 11(95%) 1 (10%)

Blurred vision 3 (25%) none

Sleep disorders 5 (40%) none

Headache 6 (50%) none

Syncope 9 (75%) 1 (10%)

Palpitation / Chest discomfort 8 (67%)

Fatigue 8 (67%) none

Bluish legs 5 (40%) none

Weight loss, cyclic 3 (25%) none

Irritable bowel syndrome 4 (25%) none

Fibromyalgia 2 (16%) none

Hypertension. Author manuscript; available in PMC 2020 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Jacob et al. Page 20

Table 2:

Autonomic function characteristics during supine and last 5 minutes of graded head up tilt (HUT), 

hyperventilation, handgrip, Valsalva maneuver, and deep breathing in patients with postural tachycardia 

syndrome (POTS, N=12) and healthy control (N=10).

Parameter POTS Control

Supine HUT Supine HUT

Tilt Table Test

HR, bpm 78±3 122±5* 66±3 85±3

Systolic BP, mmHg 103±2 107±3 107±2.5 110±2.5

Diastolic BP, mmHg 66±1.5 71±3 69±2.5 73±2

iMSNA, burst/min 12±1.5* 38±3 20±2 42±5

iMSNA, burst/100b 14.3±2* 29±3 31±3 41±4

iMSNA, burst/100b 2.5±0.4* 12.5±2.5 5±0.5 12±2

Norepinephrine, pg/ml 164±14 503±55 209±32 480±50

DHPG / NE ratio 7.5±1 3.3±0.4 6.9±0.6 3.4±0.3

Epinephrine, pg/ml 22±3 80±10 14±3 110±20

Autonomic Function Test
Sympathetic Response

Δ BP Hyperventilation, mmHg −8±3 −9±3

Δ BP Hand Grip, mmHg 12±2.5 7.5±1.5

Δ BP Cold Pressor Test, mmHg 20±4 17±5

Δ BP Valsalva Phase 2, mmHg −32±5.8* −14±4

Δ BP Valsalva Phase 4, mmHg 32±3 25±5

Vagal Response

Deep Breathing RSA Ratio 1.3±0.01* 1.6±0.05

Valsalva Ratio 2.0±0.1 1.9±0.1

HR, Heart Rate, BP, Blood Pressure, iMSNA, Integrated Muscle Sympathetic Activity, DHPG, Dihydroxyphenylglycol, NE, Norepinephrine, RSA, 
Respiratory Sinus Arrhythmia

*
significant group differences between POTS and controls, p<0.05
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