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Abstract

Upright postural tachycardia syndrome (POTS) resembles hemorrhage with reduced central blood 

volume, parasympathetic withdrawal, and sympathetic activation. Baroreflex dysfunction causes 

low heart rate variability, enhanced BP variability and decreased maximum baroreflex gain (Gmax) 

putatively measured by spontaneous fluctuation of blood pressure and heart rate.

We investigated whether/how cardiovagal baroreflex in POTS differ from control, supine and 

upright, by comparing indices of spontaneous baroreflex function to that measured using the 

reference standard “modified Oxford method”. This uses sodium nitroprusside and phenylephrine 

to generate the sigmoidal cardiovagal baroreflex curve. Baroreflex in POTS was evaluated supine 

and upright untreated and then treated to determine whether pyridostigmine or digoxin (a 

vagotonic agent) corrects baroreflex deficits.

Supine, Gmax was reduced by 25% in POTS compared to controls, and descriptors of this 

sigmoidal relationship showed a reduction, downward shift and left shift of the response to the 

pharmacological decrease and increase in blood pressure. Digoxin normalized supine cardiovagal 

baroreflex while pyridostigmine resulted in partial normalization as Gmax, and other descriptors 

of these relationships were similar to control. Upright, cardiovagal curves were distorted and 

displaced in untreated POTS, while digoxin and pyridostigmine left shifted the cardiovagal curves 

due to sympathetic activity.

Cardiovagal baroreflex deficits in POTS relate to parasympathetic withdrawal while supine, 

remediated completely by digoxin, and sympathetic activation upright through alteration of 

baroreflex responsivity. Since these baroreflex effects resemble those measured following 

microgravity/chronic bedrest, vagotonic/sympatholytic treatment combined with aerobic exercise 

might normalize the cardiovagal baroreflex and provide therapeutic benefit in POTS patients.
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Summary

Cardiovagal baroreflex deficits in POTS relate to parasympathetic withdrawal while supine, 

remediated completely by digoxin, and to sympathetic activation while upright distorting the 

baroreflex response range. Since these baroreflex effects resemble those measured following 

microgravity/chronic bedrest, vagotonic/sympatholytic treatment combined with aerobic exercise 

might normalize the cardiovagal baroreflex and provide therapeutic benefit in POTS patients.
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Introduction

Standing upright (orthostasis) produces central hypovolemia by translocating blood to the 

dependent body. Orthostatic intolerance is defined by signs and symptoms such as 

lightheadedness, exercise intolerance, tachycardia, hypotension, hypertension, headache, 

fatigue, cognitive deficits, and nausea while upright relieved by recumbence 1,2.

Postural tachycardia syndrome (POTS) is defined in adults by orthostatic intolerance 

symptoms plus an excessive increase in heart rate exceeding 30 beats/min within 10 min of 

standing or upright tilt 3 . Systolic arterial pressure (SAP) is maintained and may increase 4. 

Larger HR increments by 40 beats/min or more are required to diagnose POTS in younger 

patients <19 years old 5–7. More than 85% are women aged 14-50 years 8.

POTS resembles hypovolemia with reduced systemic venous return and reduced cardiac 

output (CO) 9. In some instances absolute hypovolemia is found 10; in others a redistributive 

central hypovolemia occurs when upright 11. The latter is designated “neuropathic POTS”, 

and results from decreased adrenergic vasoconstriction in the legs12, or splanchnic 

vasculature5,13 causing baroreflex unloading, decreased reflex cardiovagal stimulation, 

increased reflex sympathetic excitation 14, and reflex tachycardia 15. An alternative form of 

POTS in which sympathetic adrenergic function is primarily increased is denoted 

“hyperadrenergic POTS”.
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In both cases, baroreflex regulation is affected. Changes in blood pressure during orthostasis 

are primarily buffered by arterial baroreflexes, which are negative feedback inhibitory 

stretch reflexes 16;. An increase in arterial pressure causes decreased heart rate mediated 

primarily by parasympathetic (cardiovagal) efferent activity, decreased peripheral 

vasoconstriction mediated primarily by reduced vascular synaptic sympathetic activity, and 

suppression of adrenal medullary epinephrine secretion POTS patients have normal muscle 

sympathetic nerve activity (MSNA) while supine, but increased MSNA when upright 

compared with healthy controls 17 suggesting a reflex response with intact arterial 

baroreflexes afferents.

Since POTS is characterized by tachycardia, investigations have frequently focused on 

cardiovagal baroreflex impairments. Methods such as transfer function analysis are often 

used that measure small spontaneous fluctuations of HR (or RR-interval) and SAP to obtain 

a linear frequency domain relationship between R-R variability, and SAP variability near 

0.1Hz, “low frequency” in which the slope, ∆RR/∆SAP, is thought to represent the 

sensitivity or gain characterizing the cardiovagal baroreflex 18,19. Low frequency SAP 

oscillations are thought to reflect sympathetic activity 20, while low frequency RR-interval 

oscillations result from cardiovagal baroreflex transduction of SAP oscillations 30. The slope 

of ∆RR/∆SAP is typically reduced in POTS 21 compared to controls supine, and even more 

when upright.

Since spontaneous fluctuations generate information over a very narrow range of arterial 

pressures their ability to accurately represent baroreflex function, particularly during 

orthostatic stress, is questionable 22. This is because the cardiovagal baroreflex is often 

characterized by its slope (sensitivity, gain) at a single point referred to as the operating 

point, the particular SAP and its corresponding RR-interval defining the state of the system 

at which the slope is measured. But cardiovagal baroreflex cannot be defined at a single 

point. Rather, it is defined by the nonlinear, functional relationship between the RR-interval 

and the SAP, closely fit by a sigmoidal (logistic) function over a wide range of arterial 

pressures 23.

Slopes obtained at operating points cannot define the cardiovagal baroreflex, but rather 

represent a changeable aspect of the current state of the system, corresponding to the 

variation of RR-interval with variation of SAP deriving from spontaneous fluctuations of 

RR-interval and SAP. Results are only applicable near that particular operating point 24 and 

not elsewhere; the assumption that the slope at the operating point estimates the maximum 

cardiovagal baroreflex gain, Gmax, may be erroneous. As shown below in Figure 1, if the 

operating point is near the centering point where the curve is nearly linear (i.e. operating 

point 1), its slope will closely approximate Gmax; otherwise the slope is less than Gmax and 

can neither accurately reflect Gmax nor assist in constructing the baroreflex relationship24. 

Thus, for example if the SAP corresponds to operating point 2, the slope at that point is 

much smaller than Gmax.

We have shown previously in healthy volunteers that orthostasis shifts or “resets” the 

centering point, saturation and threshold en bloc, while Gmax and response range are 

unchanged25. Blood pressure can be modestly affected resulting in different operating 
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points. Resetting is attributable to the modulating effects of cardiopulmonary baroreflexes on 

arterial baroreflexes with decreased cardiac filling in the upright position 25. Often, 

operating points are almost directly displaced downwards and the local slope at OP-upright 

may not adequately estimate Gmax.

The purpose of this investigation was therefore to examine whether and how cardiovagal 

baroreflex relationships in POTS differ from healthy controls, in both the supine and upright 

positions. We used the so-called “modified Oxford method” to construct the sigmoidal 

baroreflex curve and tested whether parasympathetic stimulation with pyridostigmine 

(mestinon) 26 or digoxin 27 can correct baroreflex deficits.

Methods

The data that support the findings of this study can be made available from the 

corresponding author upon reasonable request.

Subjects

We enrolled 36 female POTS patients aged 15-30 (mean =21.7±7.7 SD) and 20 healthy 

female volunteer subjects aged 18-24 years (median= 21.3±5.2 SD years) of similar weight, 

height and BMI. POTS subjects fulfilled POTS criteria defined previously. Symptoms of 

orthostatic intolerance were present on a daily basis for >6 months and were relieved once 

supine. Symptoms were replicated during a prior 10 minute, 70° upright tilt showing 

excessive tachycardia without hypotension or syncope. A similar upright tilt test on Control 

subjects showed the absence of orthostatic intolerance. Only female subjects were employed 

because we could not sufficiently power a study of male POTS patients as the majority of 

POTS patients are female 8. All subjects were free of systemic or infectious disease. 

Subjects were either therapeutically naïve or weaned off drugs for at least 2 weeks. Only 

non-pharmaceutical birth control was employed by subjects during the study. Subjects did 

not use nicotine. Subjects refrained from caffeine for at least 72 h prior to testing. Subjects 

fasted for a minimum of 4 h prior to testing. There were no trained athletes or bedridden 

subjects. Studies were performed in the midluteal phase when autonomic tone is maximized 
28. Informed consent was obtained from all participants. All protocols were approved by the 

Committee for the Protection of Human Subjects of New York Medical College.

Protocol

Testing began at 9:30 AM. Subjects were instrumented for electrocardiogram, beat-to- beat 

AP using a Finometer (FMS, Amsterdam) calibrated against an oscillometric blood pressure 

cuff. Cardiac output (CO) was estimated using the Finometer which models the circulation 

as an adaptive Windkessel. Systemic vascular resistance (SVR) was computed using the 

formula SVR = MAP/CO (mmHg/L/min). This was initially calibrated against an inert gas 

rebreathing (Innocor, Innovision, Denmark) while supine before experiments began. An 

intravenous catheter was placed in the left antecubital vein.

Supine and upright cardiovagal baroreflex relationships were obtained using the modified 

Oxford method described below, and estimates of the slope ∆RR/∆SAP (spontaneous 
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baroreflex sensitivity) at the operating point were calculated by Fourier based transfer 

function analysis, when squared coherence >0.5, and by autoregressive modeling 19.

1. Following a 30-minute rest period, data were recorded throughout a 10-minute 

supine baseline period. During this and all subsequent study periods, HR and AP 

data were used for the calculation of RR-interval variability, SAP variability, and 

baseline spontaneous baroreflex sensitivity.

2. Following baseline measurements, the modified Oxford method was performed 

in the supine position. For this and all subsequent uses, performance of the 

modified Oxford method consisted of an intravenous bolus injection of 100µg 

sodium nitroprusside (SNP) was administered followed one minute later by an 

intravenous bolus injection of 150µg phenylephrine 29. Subjects were then 

allowed to recover to resting levels over a 30-minute period and the method was 

repeated.

3. Next was a 2-hour period for drug absorption (no drug given in control or POTS 

on day 1 =untreated)

4. A second baseline data collection for spontaneous fluctuation variabilities was 

obtained after 2 hours and a second supine modified Oxford method was 

performed.

5. After a 30 min recovery, subjects were tilted to 40° upright for 10 minutes. Data 

from minutes 2-7 were used for the calculation of upright spontaneous baroreflex 

sensitivity. The modified Oxford method was repeated once at 8 minutes to avoid 

syncope. After upright HR and AP returned to near pre-Oxford levels, subjects 

were returned to the supine position. All subjects were able to tolerate a 40° tilt + 

modified Oxford.

Control subjects underwent 1 day of testing without medication, while POTS patients 

repeated the protocol during 3 additional days during which they received oral placebo, oral 

pyridostigmine 60mg, or oral digoxin 500 micrograms. One of the 3 drugs was given just 

prior to step 3. Digoxin was given last because of its long (~36 hours) half-life. The 

intervening 2 days were used to administer placebo, and pyridostigmine in random order. 

The dose of pyridostigmine corresponds to a short acting therapeutic dose. The dose of 

digoxin corresponds to a half loading dose for an adult and plasma levels reach the 

therapeutic range in 2 hours 30. A Flow Sheet of the course of study is shown in Figure 2.

Data analysis

Approximately 5 minutes of baseline data were analyzed preceding the modified Oxford 

method in the supine position. Upright HR and AP data were obtained during minutes 2-7 of 

head-up tilt to avoid the hemodynamic equilibration phase that occurs during the first 

minutes of tilt 31. Data were collected continuously during the hypotensive and hypertensive 

phases of the modified Oxford method in both supine and upright positions and included 

ECG, CO, systolic (SAP), diastolic (DAP) and mean arterial pressure (MAP) calculated 

using the Finometer calibrated against oscillometric cuff pressure. RR-interval, and HR were 
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calculated from the ECG. Data were sampled at 200 Hz using custom signal processing 

software and analyzed off-line.

Cardiovagal Baroreflex Determined by the Modified Oxford Method

RR-intervals were plotted as a function of SAP to generate the cardiovagal baroreflex 

response during the modified Oxford method and the methods for calculation of the 

cardiovagal baroreflex is described in the Data Supplement using established methods 
23,24,32.

Spontaneous Cardiovagal Baroreflex Indices

To measure spontaneous cardiovagal baroreflex function, the slope corresponding to 

spontaneous fluctuations in SAP and RR-intervals were calculated during supine baseline, 

supine 2 hours after drug administration, and during 40° upright tilt prior to the modified 

Oxford method, as described in the Data Supplement using established methods 23,24,33,34.

Statistics

A repeated-measures analytic approach was used. We employed a multilevel approach using 

linear mixed models (LMM) to account for the within-subject repeated measurements 35,36, 

as described in the Data Supplement.

Results

The following is a summary of the hemodynamic data in POTS patients while supine before 

(“supine-premed”), and after (“supine-postmed”) treatment with placebo, pyridostigmine or 

digoxin, or Controls, and during upright tilt (“tilt”) and are shown in Table S1 of the Data 

Supplement. Data averaged over 15 seconds is reported for pre-SNP. Data at the time of 

minimum SAP is reported for SNP and at the time of maximum SAP is reported for Phenyl.

Hemodynamics Before and During the modified Oxford Method

HR pre-SNP: Supine HR tends to be higher in POTS 37, and in this study was higher in 

POTS-untreated and POTS-placebo after the 2-hour period (supine-postmed). HR became 

similar to control following administration of either pyridostigmine or digoxin while supine. 

HR subsequently increased on tilt in all (including control), although POTS-pyridostigmine 

increased less than other POTS and POTS-digoxin. All POTS except POTS-pyridostigmine 

had a HR during tilt higher than control. This corresponds to a reduction in RR-interval and 

a downward shift in the baroreflex curve compared to control.

HR SNP:

SNP-premed increased HR in all groups but most in POTS patients. A proposed nitrergic 

nitric oxide deficiency in POTS may produce a potentiated response to exogenous NO 38. 

The addition of pyridostigmine blunted the SNP-mediated HR increase in both POTS-

pyridostigmine postmed and POTS-pyridostigmine tilt. This may indicate ganglionic 

potentiation of nitrergic parasympathetic nerves.
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HR Phenyl:

There was a relative reduced bradycardic response to phenylephrine in POTS-tilt groups 

except for POTS-pyridostigmine.

SAP pre-SNP: In contrast, SAP was reduced when supine in POTS-unmedicated, 

increasing with the addition of pyridostigmine or digoxin to control levels while remaining 

supine. With tilt, SAP was reduced in all POTS compared to control regardless of treatment. 

This corresponds to a left shift of the operating point of baroreflex curves for POTS 

compared to control independent of medication.

SAP SNP: SNP produced similar reductions of SBP when supine, independent of 

medication. SBP increased during tilt in control but remained unchanged in POTS treatment 

groups.

SAP Phenyl: SAP response to phenylephrine were similar for all POTS compared to 

control except for POTS-pyridostigmine which blunted SBP increase.

DAP pre-SNP: This was reduced in all POTS compared to control pre-SNP when tilted.

CO and SVR: CO during tilt in POTS was similar to control pre-SNP, CO during tilt was 

lower in POTS than control during SNP, except for POTS-digoxin, which was similar to 

control, and higher than control during Phenyl in POTS except for POTS-Digoxin. CO was 

enhanced by phenylephrine when upright. SVR was decreased in POTS supine and upright 

compared to control.

Sigmoidal Baroreflex Results from the modified Oxford Method (Table 1)

In addition to the fitted cardiovagal baroreflex parameters (Gmax, SAP and RR-interval at 

Center point, threshold, saturation & response range) we tabulated the SAP and RR-Interval 

at operating points.

Supine and Supine postmed: As shown in Table 1, Gmax supine in POTS and control 

subjects was smaller in POTS compared to control. Gmax was unchanged in untreated or 

placebo treated POTS but increased, becoming similar to control after either pyridostigmine 

or digoxin were administered.

Centering Point, response range—Based on results shown in Table1and depicted in 

Figures 3–5, Gmax, which by definition occurs at the centering point, was displaced 

downwards (smaller RR-interval) and to the left (lower SAP) in POTS compared to control. 

This is not a simple resetting because the shape of the sigmoidal function is not preserved; 

rather, Gmax and the response range are both reduced while supine in POTS. Administration 

of either pyridostigmine or digoxin repaired the BP location of the centering point as well as 

Gmax, but only digoxin corrected its displacement along the RR-interval axis and the 

response range. Thus, digoxin repairs the supine cardiovagal baroreflex in POTS.
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Operating Point and Operating Point Slope.—The operating point response is 

expressed as a percentage of the response range from the threshold. Relative to control, 

untreated or placebo treated POTS shifted the operating point towards lower percentile, i.e. 

towards the ‘knee’ of the threshold where the sigmoidal nonlinear and flat. Control remained 

near the center. RR-interval was reduced in POTS. The operating point slope was much 

smaller in pre-med POTS than in control. This corresponds to a reduction in the alpha index 

estimate of operating point gain (see below), and therefore a marked reduction of heart rate 

variation for given degree of BP variation (the sigmoid curve is flat) and a general loss in the 

buffering effects of HR on BP. Treatment with either pyridostigmine or digoxin brought the 

operating point closer to the centering point and the operating point slope increased.

Tilt:

Gmax—With tilt Gmax remained similar to control when treated with pyridostigmine or 

digoxin but fell for untreated or placebo treated POTS.

Centering Point, response range—The centering point for control was shifted 

downwards (higher HR when upright) and slightly to the right. The response range remained 

unchanged and the operating point moved closer to the centering point optimizing BP 

buffering. Operating point slope (sensitivity) thus more closely approximates Gmax for 

control. Centering points for POTS-untreated or POTS-placebo moved downwards (higher 

HR) and to the left (higher SAP) but response range remained reduced compared to control. 

The operating point moved sharply to the left and thus the operating point slope was greatly 

reduced. Pyridostigmine or digoxin shifted the centering point to lower RR-interval but 

response range and operating point moved sharply to the left such that the slope at the 

operating point was comparable to POTS-untreated and much lower than control.

The sigmoidal baroreflex results from the modified Oxford Method were used to generate 

Figures 3–5 using mean values for sigmoidal parameters averaged over all subjects, from 

data in Table 1. In all determinations, POTS-placebo results were similar to POTS-untreated 

and are not depicted graphically.

Figure 3 shows POTS-untreated both supine and following head up tilt (HUT). Gmax and the 

response range remained unchanged with tilt in control, is reduced in POTS, and further 

reduced in POTS when tilted. Additional key features of POTS include left lateral and 

downwards shifts of centering points and operating points and decreased response range 

with tilt. Placebo treated results were not different from untreated POTS.

Figure 4 compares control with POTS-pyridostigmine. Gmax is restored to near control 

values supine and following head up tilt (HUT). Supine SAP at centering and operating 

points are similar to control, but threshold is displaced downward and response range is 

curtailed. Centering point SAP and Gmax were sustained but response range and operating 

point were greatly reduced during head up tilt and contributed to the left shift of the 

operating point for pyridostigmine with consequently reduced slope. It appears therefore that 

a reduction in response range with unchanged centering point and Gmax may account for 

left-shifted operating points.
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Figure 5 compares control with POTS-digoxin supine and following head up tilt (HUT). 

Digoxin sustains the centering point and Gmax at close to control values. Digoxin, alone, 

increases response range supine because of a reduced threshold. Tilted, threshold was further 

reduced. SAP at centering point and Gmax were sustained but response range fell 

precipitously with tilt and contributed to the left shift of the operating point for digoxin and 

consequently reduced slope.

Spontaneous Fluctuations – Comparison with modified Oxford Method Results (Table S2)

Table S2 in the Data Supplement shows total RR-Interval and SAP variability, and 

variability measures over low frequency and high frequency bands. Baroreflex “gain” (local 

slope) is presented for the sequence method and for the α-index method obtained from 

transfer function analysis.

Baroreflex Sensitivity (Gain)—Alpha index and sequence methods yielded similar 

results. These indices were larger in control than in POTS, increased by pyridostigmine and 

digoxin comparable to control when supine-postmed, and decreased once tilted. Indices in 

control decreased to a lesser extent. Pyridostigmine ameliorated the decrease with tilt. 

Slopes from sigmoidal baroreflex at the operating point (Table 1) were similar to 

spontaneous fluctuation alpha indices.

Discussion

Our data are the first to show deficits in both supine and upright cardiovagal baroreflex in 

POTS, measured using the reference standard modified Oxford method. While supine, 

deficits were primarily reflective of severely reduced vagal activity. Although Gmax was 

reduced, that did not account for the majority of vagal loss. Rather, the response range was 

reduced, and centering points shifted to lower SAP and RR. This combination resulted in 

movement of operating points to the flat-curvilinear portion of the baroreflex function with 

consequent profound reductions in operating point slope. Comparing the responses shown in 

Figures 3–5, in POTS patients, pyridostigmine ameliorated and digoxin corrected these 

deficits while supine: Gmax was similar to control, centering point SAP was similar to 

control although the RR-interval at the Centering point SAP was shifted towards lower RR-

intervals. The response range exceeded control for digoxin.

Upright posture in POTS elicited more marked baroreflex impairment compared to supine. 

For POTS-untreated Gmax decreased, response range decreased, while centering points 

were conserved (being shifted to the left and downwards as when supine). Operating slope 

was on the flat portion of the curve and operating point slope was very low. Both digoxin 

and pyridostigmine shifted the operating point to the vicinity of the “knee” of the sigmoid 

curve where the second derivative is maximum. Because of these shifts, an increase in SAP 

can give rise to a large increase in RR-interval while a small decrease in SAP fails to 

appreciably lower RR-interval. The system then responds asymmetrically and buffers 

increases in SAP with a decrease in HR, but with little buffering capacity when SAP 

decreases.

Stewart et al. Page 9

Hypertension. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Impaired upright cardiovagal baroreflex is not corrected by pyridostigmine or digoxin, 

although Gmax, and centering point are reset to a lower RR-interval while SAP is reasonably 

well sustained. Also, SAP at the operating points are only slightly diminished compared to 

supine. However, even though SAP only changes slightly, the operating points for both 

pyridostigmine and digoxin are shifted to the left onto the flat portion of the curve where 

slope is quite small. This is the result of reduced response range. Thus, for example, if the 

response range is small while Gmax and centering points remain unchanged, the linear 

portion of the sigmoidal curve occurs between narrow SAP limits. Then, even a small left 

shift in SAP can shift the operating point to the flat part of the sigmoidal curve where 

response to change is reduced.

Sympathetic activation reduces the response range to baroreflex stimulation 39. POTS has a 

much larger increase in sympathetic activity when upright compared to control 17, SAPV-

low frequency is an indicator of sympathetic activation 20 which increase in SAPV-low 

frequency in POTS when upright. The relative reduction of the bradycardic response to 

phenylephrine during tilt in POTS except for POTS-pyridostigmine is consistent with anti-

α1 adrenergic antibodies recently reported 40.

Cardiovagal deficits are described by changes in the functional sigmoidal relationship 

between SAP and RR-interval. A “resetting” of the baroreflex (centering point translation) 

accommodates changes in posture, BP, or activity by changing the location of the sigmoidal 

curve without changing its shape. Apart from resetting, Gmax and response range suffice to 

define the sigmoidal curve. The position along the curve (the operating point) offers an 

additional degree of freedom and can be defined by determining the extant SAP or RR-

interval. The cardiovagal baroreflex cannot be defined by the slope at a single point, but can 

only be usefully defined as a functional relationship between SAP and RR-interval over a 

wide range of blood pressures 22,41,42. The cardiovagal baroreflex helps to buffer beat-to-

beat changes in BP by changing HR in the opposite direction. If the operating point is 

uniformly placed on a flat portion of the sigmoidal curve, then HR cannot vary much with 

changing SAP, and changes in HR inadequately compensate for either increasing or 

decreasing BP. As a consequence, blood pressure variability is enhanced at low frequency 

with tilt. We have previously shown that this interferes with cerebral autoregulation and 

cognitive capability 43,44.

Local slope at the operating point may characterize the local change in RR-interval with BP 

and may therefore be considered to represent local baroreflex functioning 24 but it cannot 

predict the sigmoid baroreflex relationship. Rather, centering point location which is reset 

with orthostasis 25, and the distance of the operating point from the centering point, 

determined by the relations of Gmax with threshold and response range yield operating point 

locations. These may be on the linear portion of the curve close to the centering point, as in 

Control, in which case the local slope approximates Gmax, or on the flat portion of the curve 

distant from the centering point, as in untreated POTS, in which case the local slope is far 

smaller than Gmax.

Pyridostigmine and digoxin each have vagotonic actions 26,27 and repair the supine 

cardiovagal baroreflex in POTS by normalizing Gmax, correcting the centering point, and re-
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expanding the response range. The resulting operating point falls on the linear portion of the 

curve and slopes become good estimates of Gmax. Digoxin is also sympatholytic 45 while 

pyridostigmine may also exert sympathotonic effects 46.

When tilted upright, SAPV is elevated, specifically in the low frequency range. This is 

consistent with increased sympathetic activity 20,47. Downward resetting of the centering 

point and reduced response range conforms to increased sympathetic activity which may 

explain their abnormalcy in POTS in which sympathetic activation is excessive when 

upright. Neither pyridostigmine nor digoxin maintain the baroreflex once upright because 

increased cardiac sympathetic activity reduces the response range which left shifts the 

operating point without important changes in SAP. Potential causes of excessive sympathetic 

activation in POTS include absolute or positional central hypovolemia 5, intrinsically 

increased sympathetic CNS outflow as proposed in hyperadrenergic POTS, or increased 

central command in the face of postural muscle atrophy 48. Sympatholytic agents, in 

addition to digoxin or pyridostigmine should increase the response range and normalize 

baroreflex control.

Administration of either pyridostigmine or digoxin repaired the SAP of the centering point 

as well as Gmax, but only digoxin corrected its displacement along the RR-interval axis and 

the response range. Pyridostigmine enhances acetylcholine and nitrergic parasympathetics, 

resulting in increased nitrergic NO which acts at pre- and post-junctional sites to reduce 

adrenergic sympathetic transduction 49. Reduction of Gmax, reduced response range, 

leftwards and downwards translation of the centering point are also evident in microgravity 

deconditioning, which can be simulated by bed rest deconditioning 50,51 and to a lesser 

degree by cardiovascular deconditioning 52.

Many of our POTS patients are bed rested and cardiovascular deconditioned. Our findings 

are therefore highly consistent with studies 53,53 indicating that exercise reconditioning may 

be the ideal treatment for POTS because it increases parasympathetic and decreases 

sympathetic cardiac activity. In addition, since digoxin was able to repair the SAP of the 

centering point and Gmax, and correct its displacement along the RR-interval axis and 

response range, the use of this drug in combination with directed exercise/reconditioning 

may be a beneficial treatment modality for patients with POTS.

Limitations

Least squared fits of threshold, saturation, centering point, and response range are model-

dependent and obtained after nonlinear fitting of data to the sigmoid curve. We always 

captured threshold and “most linear portion” of the curve (the center) and some portion of 

the saturation in every subject.

The mean age of our study subjects was relatively young, and results may not generalize to 

older age groups. Data were collected only from female subjects since POTS is 

predominantly a female illness from menarche to menopause. Male and female physiology 

may differ; there was no way we could sufficiently power a study of POTS in males as well 

as females.
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Medication was not delivered in a completely random manner and therefore its sequential 

delivery, combined with the “training effect” of repeated tilt testing may have introduced 

bias. Also, both pyridostigmine and digoxin have additional effects other than increasing 

vagal tone. Administration of drugs that elicit multiple drug effects can be problematic when 

studying systemic outcomes, however, we used these because both have well known 

vagotonic effects.

Perspectives:

Orthostasis produces central hypovolemia by translocating blood to the dependent body. 

Postural tachycardia syndrome (POTS) is defined by orthostatic intolerance and increased in 

heart rate and maintenance or increase in arterial pressure. Orthostatic changes in blood 

pressure are buffered by arterial baroreflexes. The cardiovagal baroreflex regulation is 

deficient in POTS by reducing the local slope at the operating point estimated by 

spontaneous fluctuations of heart rate and blood pressure over a very narrow range of arterial 

pressures; local slopes may not represent true baroreflex function which can be assessed by 

reference standard modified Oxford method to generate the nonlinear sigmoidal relationship 

between the R-R interval and the SAP over a wide range of arterial pressures. We describe 

the determinants of abnormal cardiovagal baroreflex response in POTS, supine and upright, 

compared to control. Supine baroreflex abnormalities were corrected by digoxin and 

ameliorated by mestinon, although sympathetic stimulation of orthostasis produced further 

baroreflex deficits.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What Is New?

• We showed differences in characteristics of the cardiovagal baroreflex in 

POTS patients compared to Control both supine and while upright during an 

orthostatic challenge.

• Parasympathetic stimulation with digoxin remediated the baroreflex deficit in 

POTS while supine, and

• Parasympathetic stimulation with both pyridostigmine and digoxin partially 

corrected the baroreflex deficit in POTS while upright.

What Is Relevant?

• POTS patients have baroreflex deficits while upright shown using the non-

linear modified Oxford method.

• Parasympathetic stimulation with pyridostigmine and digoxin partially 

corrected this deficit.

• Since many POTS patients are bed-rested and physically deconditioned, a 

combination of exercise reconditioning which increases parasympathetic 

activity and reduces sympathoexcitation, plus pyridostigmine/digoxin may 

prove beneficial for treatment of POTS.
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Figure 1. 
shows an idealized cardiovagal baroreflex as a sigmoidal relationship between SAP and RR-

interval over a wide range of pressures. The sigmoid curve can be uniquely specified by 4 

parameters: the systolic BP (SAP) at the centering point, the slope at the centering point 

(maximum gain or baroreflex sensitivity, Gmax), the curve’s threshold, and its response 

range. Operating points define the current state of the system; local slopes at operating 

points and correspond to the variation of RR-interval with variation of BP (BPV) near 0.1Hz 

near that particular operating point.
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Figure 2. 
is flow sheet of the described studies showing the experimental protocol on top, and the 

administration of drugs on the bottom.
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Figure 3. 
compares untreated POTS patients (red lines) with control (black lines) supine and during 

head up tilt (HUT). Operating points are shown by red and black circles. Gmax and the 

response range remained unchanged with tilt in control, but was reduced in POTS, and 

further reduced in POTS when tilted. Additional key features of POTS include left lateral 

and downwards shifts of centering points and operating points, and decreased response 

range with tilt.
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Figure 4. 
compares POTS patients treated with pyridostigmine (blue lines) with control (black lines) 

supine and during head up tilt (HUT). Operating points are shown by blue and black circles. 

Gmax is restored to near control values supine and upright. Supine SAP at centering and 

operating points are similar to control but threshold is displaced downwards and response 

range is curtailed. During tilt centering point SAP and Gmax were sustained but response 

range was greatly reduced during tilt contributing to the left shift of the operating point.
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Figure 5. 
compares POTS patients treated with digoxin (teal lines) with control (black lines) supine 

and during head up tilt (HUT). Operating points are shown by cyan and black circles. 

Digoxin returns the Centering point and Gmax of POTS patients to similar to control values. 

The response range supine post digoxin is greater in treated POTS than control. After tilt, 

threshold was more in POTS while SAP at centering point and Gmax were sustained. 

However, response range decreased markedly with tilt in POTS and contributed to the left 

shift of the operating point for digoxin and consequently reduced operating point slope.
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Table 1

Baroreflex Results from Sigmoidal Curves

Parameter Condition Control POTS-
Untreated

POTS-Placebo POTS-
Pyridostigmine

POTS-Digoxin

Gmax (max gain, slope) 
(ms/mmHg)

Supine premed 28.8±3.6 20.2±3.5* 20.7±3.4* 18.9±3.9* 19.5±5.0*

Supine postmed 24.2±3.0 19.7±2.5* 18.4±3.0* 25.8±3.0 27.3±4.0

Tilt 24.9±1.5
10.9±2.7*†

13.4±1.8*†
25.0±2.8

‡
19.0±4.2

‡

SAP at Gmax (mmHg) 
Center Point

Supine premed 117±3 112±6 113±4 111±3 114±3

Supine postmed 119±2 113±3* 115±3* 118±5
122±2*‡

Tilt 121±6 116±4 118±5 119±4* 121±8*

R-R at Gmax (ms) Center 
Point

Supine premed 880±41 754±×40* 751±45* 765±42* 771±27*

Supine postmed 900±50 709±45* 710±5*
799±31

‡
856±38*‡

Tilt 771±31*
616±25*† 632±47* 680±32 688±45

Threshold (ms) Supine premed 666±21 572±26* 579±26* 547±35* 561±15#

Supine postmed 644±21 548±23* 545±28* 616±28* 573±24

Tilt 579±21*
489±21*†

498±17*† 564±24¥
526±30

‡

Saturation (ms) Supine premed 1094±91 938±62 922±83 879±101 940±59

Supine postmed 1157±92 870±72* 874±47* 946±42
1138±76

‡

Tilt 843±106* 744±45* 806±97 796±27* 796±27*

Response Range (ms) Supine premed 427±27 366±16* 342±42* 359±38* 338±48*

Supine postmed 522±44 348±23* 329±35* 330±52*
564±52

‡

Tilt 385±42
255±50*† 316±53

232±28*†
251±41*†

Slope (gain) At O.P. (ms/
mmHg)

Supine premed 18.9±3.1 14.1±3.4*
7.7±3.1*‡ 13.7±3.2* 11.6±4.4*

Supine postmed 17.9±3.5 12.8±4.2* 11.4±2.4*
22.1±3.5*‡

16.0±3.9*‡

Tilt 19.9±3.5
6.5±2.7*†

6.8±1.6*†
6.3±3.3*† 8.2±2.7*

Operating Point (% 
Response)

Supine premed 59±11 36±9* 29±11* 34±8* 37±11

Supine postmed 62±10 40±10* 28±6* 66±9 47±13

Tilt 54±11 24±11* 27±12*
18±10*†

26±5*†

SAP at O.P. (mmHg) Supine premed 118±2 117±4 112±4 112±3 113±4

Supine postmed 120±3 113±4* 109±5* 117±7 118±4

Tilt 124±6 111±5* 112±3* 110±6* 115±5*

RR at O.P. (ms) Supine premed 893±37 736±54*
653±42*‡ 687±52* 716±55*

Supine postmed 927±49 700±44* 634±41*
854±39*‡ 746±42*

Tilt 834±32*
585±45*†

571±27*† 643±39* 605±44*
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*
= P<0.05 compared with Control.

†
= P<0.05 compared to supine premed).

‡
= P<0.05 compared to POTS –untreated. O.P.=operating point
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