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e POTS causes cardiovascular instability
and severe symptoms.

o Postural hyperventilation is thought to
cause POTS, but the mechanisms are
unclear.

e Reduced stroke volume and brain
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perfusion drive postural hyperventilation
in POTS.
e Stroke volume and brain perfusion should

be targeted as management strategies.
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AU = arbitrary units Postural hyperventilation has been implicated as a cause of postural orthostatic tachycardia syndrome (POTS),
MCAv = middle cerebral artery yet the precise mechanisms underlying the heightened breathing response remain unclear. This study chal-
velocity lenges current hypotheses by revealing that exaggerated peripheral chemoreceptor activity is not the primary
MSNA = muscle sympathetic driver of postural hyperventilation. Instead, significant contributions from reduced stroke volume and

nerve activity

compromised brain perfusion during orthostatic stress were identified. These findings shed light on our un-

POTS = postural orthostatic derstanding of POTS pathophysiology, emphasizing the critical roles of systemic hemodynamic status. Further

tachycardia syndrome

ostural orthostatic tachycardia syndrome

(POTS) is a chronic, debilitating disorder of

the autonomic nervous system that predomi-
nantly affects premenopausal women.'> Adult pa-
tients with POTS present with cardiovascular
dysregulation and crippling cardiac and neurologic
symptoms (eg, light-headedness, blurred vision,
shortness of breath, presyncope).”* While upright,
patients can also experience exaggerated sympa-
thetic nervous system activity, paralleled by exagger-
ated increases in ventilation,>® which decreases
carbon dioxide levels in the blood (ie, hypocapnia).
Hypocapnia reduces cerebral blood velocity'®'' and
exacerbates symptoms.'®"? As postural hyperventila-
tion has been implicated as a cause of POTS, identi-
fying the underlying mechanisms is crucial to the
development of targeted therapies.

Studies have proposed that heightened peripheral
chemoreceptor activity underlies postural ventilation
and sympathetic activation in patients with
POTS.>?'3'# Peripheral chemoreceptors, mainly the
carotid bodies, respond to hypoxia (low O,), hyper-
capnia (high CO,), and hypoperfusion,’'® and they
increase ventilation and sympathetic activity when
activated.””” In patients with POTS, reduced cardiac
venous return and stroke volume in the upright po-
sition®'®2° are thought to reduce blood flow to the
carotid bodies, leading to hypoperfusion, and subse-
quent activation.>®

Alternatively, reduced cerebral blood velocity at
the onset of orthostasis can precede increases in
ventilation and sympathetic activity in patients with
POTS.>?' These findings suggest that brain hypo-
perfusion may underlie increased ventilation and
sympathetic activity when patients are upright. The
roles of peripheral chemoreceptor activity and
changes in systemic and cerebrovascular hemody-
namic status as drivers of postural ventilation and

research should explore interventions targeting stroke volume and brain perfusion for more effective clinical
management of POTS. (JACC Basic Transl Sci 2024;9:939-953) © 2024 The Authors. Published by Elsevier on
behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

sympathetic activation have not been examined
concurrently in patients with POTS.

In this study, we explored potential mechanisms
driving postural ventilation in patients with POTS.
Initially, we assessed exaggerated peripheral chemo-
receptor activity driving postural ventilation and
increased sympathetic activity. Next, we examined
the relationship among postural hemodynamic sta-
tus, ventilation, and sympathetic activity in both
humans and an in situ preparation.

METHODS

ETHICS. Ethical approval for this study was obtained
from the Conjoint Health Research Ethics Board
(REB21-1409) and Animal Care Committee (AC19-0037)
at the University of Calgary. Written informed consent
was obtained from all human participants prior to
other study procedures.

HUMAN EXPERIMENTS. Participants. All studies
were performed in Calgary (altitude 1,045 m above
sea level). A total of 25 female patients with POTS
were recruited from the Calgary Autonomic Investi-
gation and Management Clinic, the autonomic
research laboratory, and through our local study
database. All patients had physician diagnoses of
POTS according to the consensus statement criteria."*
Diagnostic orthostatic vital signs are presented in
Table 1. Eleven sex- and age-matched (+3 years)
control subjects were recruited from the community
via local advertising. There were no baseline differ-
ences between female patients with POTS and control
subjects (Table 2). Study participants were excluded if
they were smokers, pregnant or breastfeeding, could
not tolerate wearing an oxygen mask, required
portable oxygen at rest or with exercise, or had
chronic heart failure or severe pulmonary disease.
Additional exclusion criteria included dementia,
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alcohol and/or drug abuse, cerebrovascular disease,
kidney or liver disease, and sympathectomy. All
participants were asked to abstain from alcohol,
caffeine, and exercise for 12 hours prior to testing.
Patients were asked to hold medications that modu-
late heart rate and blood pressure, if possible.
Fourteen patients (56%) were not taking any heart
rate-modulating or blood pressure-modulating med-
ications during the study, including beta-blockers,
midodrine, fludrocortisone, pyridostigmine, ivabra-
dine, clonidine, and methyldopa (Table 2). Stratified
analyses were done to compare outcomes between
patients who were off all relevant medications and
those who remained on some of these medications.
Only baseline heart rate was different between pa-
tients on vs off medications. There were no other
differences in baseline or upright ventilatory, sym-
pathetic, or hemodynamic parameters between pa-
tients on vs off medications (Supplemental Table 1).
Additionally, there were no differences in the supine
or upright ventilatory responses to hyperoxia be-
tween patients on vs off their treatment medications
(Supplemental Figure 1).

Human instrumentation. Hemodynamic status.
Participants were instrumented with a 3-lead
electrocardiograph to record heart rate and a
noninvasive beat-to-beat finger blood pressure cuff
(Finapres NOVA, FMS). Noninvasive brachial blood
pressure measurements were performed throughout
the study for intermittent finger cuff calibration.
The beat-to-beat blood pressure waveform was used
to calculate mean, systolic, and diastolic blood
pressures and was analyzed to obtain estimates of
stroke volume, cardiac output, and systemic
vascular resistance using Modelflow waveform
analysis,”® which has been previously validated to
provide estimates of advanced hemodynamic during
orthostatic challenges.”®> The beat-to-beat systemic
arterial pulsatility index was calculated as: (systolic
blood pressure — diastolic blood pressure) / mean
blood pressure. A 2-MHz transcranial Doppler
ultrasound system (Doppler Box, Compumedics
DWL USA) was used to measure cerebral blood
velocity in the middle cerebral artery velocity
(MCAv), including beat-to-beat peak, minimum, and
mean MCAv. The beat-to-beat MCAv pulsatility
index was calculated as: (peak MCAv — minimum
MCAv)/mean MCAv. For quantifying responses to
early head-up tilt, stable MCAv recordings were
obtained in 21 patients (84%) with POTS and 11
(100%) control subjects.

Muscle sympathetic nerve activity. Muscle sympa-
thetic nerve activity (MSNA) recordings were ob-
tained using tungsten microelectrodes with 2-MQ
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TABLE 1 Orthostatic Vital Signs During Head-Up Tilt in
Female Patients With Postural Orthostatic Tachycardia
Syndrome (n = 25)

Supine heart rate, beats/min 76 +13
Supine systolic blood pressure, mm Hg 121 £17
Upright heart rate, beats/min 124 +£17
Upright systolic blood pressure, mm Hg 116 + 20
A Heart rate, beats/min 47 +£13
A Systolic blood pressure, mm Hg -5+17

Values are mean =+ SD.

impedance (Frederick Haer). The raw signal was
amplified (75,000-fold), band-pass filtered (0.3-2.0
kHz), rectified, and integrated using a 0.1-second
time constant to obtain the mean voltage neurogram
(Nerve Traffic Analyzer model 662C-4, University of
Iowa). The microelectrode was inserted
percutaneously into the common fibular nerve, and
a reference electrode was placed about 2 cm
adjacent to the insertion point at a similar depth.
The microelectrode was advanced into nerve
directed skeletal muscle, as
indicated by afferent feedback during tapping or
palpation of the tibialis anterior and peroneal
muscles and absent feedback from light stroking of
the skin on the dorsal foot and lower leg. The
presence of MSNA was confirmed by the occurrence
of spontaneous pulse synchronous bursts (ie, burst

bundles toward

widths no greater than the R-R interval) and
reflexive burst increases to a Valsalva maneuver
strain and/or a voluntary end-expiration apnea but
not to a startle stimulus (eg, unexpected clapping).
The neural signal was continuously monitored and
any changes to microelectrode position were
documented. Total MSNA was quantified as the
product of burst frequency (per minute) and mean
burst amplitude (quantified as the burst peak
relative to the noise immediately preceding; the
mean burst peak was normalized to the largest
burst within each prestimulus period**>°). All
hemodynamic and nerve recording data were
sampled at 10 kHz (WinDaq, DATAQ) for off-line
analysis (LabChart Pro 8, AD Instruments). Baseline
MSNA recordings in the supine position were
obtained in 12 patients with POTS and 9 control
subjects. Only recordings with repeated measures in
both the supine and upright positions were used to
quantify responses to hyperoxia (6 patients with
POTS, 8 control subjects) and early head-up tilt (9
patients with POTS, 5 control subjects).

End-tidal sequential gas delivery. Participants were
fitted with a facemask sealed with medical-grade skin
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TABLE 2 Baseline Characteristics in Female Patients With POTS and Control Subjects

Control Patients
Subjects With POTS
(n=1m) (n =25) SMD P Value
Demographics
Age, y 31+7 31+8 0.1 0.76
Height, cm 163 + 4 167 + 9 0.62 0.10
Weight, kg 62.0 +£5.2 675+ 8.7 0.71 0.059
Body mass index, kg/m? 235423 243 + 3.9 0.23 0.53
Medications (held/prescribed)
Beta-blockers NA nnz NA
Midodrine NA 3/9 NA
Fludrocortisone NA 0/2 NA
Ivabradine NA 1/2 NA
Sympatholytic NA 5/6 NA
Pyridostigmine NA 1/2 NA
Ventilatory
Ventilation, L/min 10.1 £ 2.0 9.2+ 26 0.35 0.34
End-tidal CO,, mm Hg 39.5 +2.9 38.0 + 3.8 0.42 0.26
End-tidal O, mm Hg 90.4 +5.0 925+ 7.0 0.32 0.39
Peripheral hemodynamics
Heart rate, beats/min 69 +9 71 +13 0.13 0.72
Stroke volume, mL 78 +£12 79 £15 0.05 0.89
Cardiac output, L/min 5.4+ 0.7 5.6 +£1.1 0.18 0.62
Mean arterial pressure, mm Hg 91+ 12 91+13 0.01 0.97
Systemic vascular resistance, dynes/cm® 1,920 + 695 1,671 4 557 0.41 0.26
Pulse pressure, mm Hg 66 + 9 63 + 11 0.32 0.38
Arterial pulsatility index 0.73 £ 0.1 0.69 + 0.1 0.39 0.29
Cerebral hemodynamics
MCAVmean, €M/s 85 +10 78 £13 0.62 0.094
MCAVpear, cm/s 123 £ 14 14 +18 0.57 0.12
MCAVmin, cm/s 66 + 8 60 £ 1 0.63 0.093
MCAVv pulsatility index 0.68 + 0.1 0.70 + 0.1 0.26 0.48
Sympathetic (n=29) n=12)
Burst frequency, bursts/min 15+6 1345 0.51 0.26
Burst amplitude, % of peak 40+9 41 +14 0.12 0.78
Total MSNA, AU/min 645 + 312 566 + 320 0.25 0.58

Values are mean + SD. Group differences were compared using an independent-samples 2-tailed Student's
t-test.

AU = arbitrary units; MCAv = middle cerebral artery velocity; MSNA = muscle sympathetic nerve activity;
NA = not applicable; POTS = postural orthostatic tachycardia syndrome; SMD = standardized mean difference.

adhesive tape (Tegaderm, 3M Health Care). Respired
gases were sampled at the mouth, analyzed for end-
tidal O, and CO,, and controlled by an automated,
noninvasive programmable sequential gas delivery
system (RespirAct, Thornhill Medical).?®” Breath-
by-breath end-tidal O,, end-tidal CO,, tidal volume,
respiratory rate, and ventilation were measured and
calculated wusing the RespirAct software. All
respiratory data were sampled at 50 Hz.

Human experimental protocol. We tested hyper-
oxia vs normoxia in a random sequence in the supine
and head-up tilt positions in patients with POTS and
control subjects. Following a minimum 10-minute
baseline, participants were passively tilted to 60°
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from supine. Head-up tilt was performed with one leg
supported in a slightly bent position for the micro-
neurographic recording. To improve microelectrode
stability, the transition from supine to 60° was slowly
performed over 30 to 45 seconds.

To inhibit the peripheral chemoreceptors, partici-

pants breathed 5 30-second bouts of normocapnic
hyperoxia (400-450 mm Hg O,) with 90 seconds of
normocapnic normoxia between each bout.?%?°
Administration of short, repetitive bouts of hyper-
oxia was used to ensure cardiovascular and ventila-
tory parameters were not confounded by the
production of CO, and to avoid the confounding ef-
fects of extended periods of hyperoxia acting as a
central stimulant.>*® A minimum 3-minute baseline
preceded each hyperoxia protocol, with a 10-minute
rest between supine and head-up tilt protocols to
ensure that ventilatory and hemodynamic parameters
returned to baseline. All participants completed
testing in the supine position. Two patients with
POTS could not complete the full duration of head-up
tilt. Therefore, data from 23 patients with POTS dur-
ing the head-up tilt hyperoxia assessment were
included.
Human data analysis. For each participant, average
baseline hemodynamic and ventilatory data were
calculated over the final 2 minutes of baseline prior to
supine and head-up tilt testing. Hemodynamic and
ventilatory responses to head-up tilt were calculated
as the average change from baseline during the first
90 seconds of 60° head-up tilt (ie, early head-up tilt).
To assess responses to hyperoxia, hemodynamic and
ventilatory parameters were averaged over the 30-
second normoxic period preceding each hyperoxic
bout and as 5-second averages during hyperoxia. The
ventilatory response to hyperoxia were determined
as the average 5-second nadir during each hyperoxic
bout. For each participant, ventilatory and hemody-
namic data during the final 3 hyperoxic trials were
averaged to obtain a steady-state average response.

MSNA was quantified as burst frequency (bursts
per minute), normalized burst amplitude (percentage
of tallest burst in a prestimulus period), and total
MSNA (product of burst frequency and normalized
burst height, expressed as arbitrary units [AU] per
minute). The variable nature of spontaneous MSNA
can compromise the validity of sampling
durations <60 seconds.?* To circumvent this limita-
tion while still capturing transient hyperoxic inhibi-
tion, MSNA values were first calculated in 5-second
bins and then averaged across 3 prehyperoxic periods
and respective hyperoxic bouts. These bins were then
used to calculate 20-second averages that continually
moved ahead by one 5-second bin for the duration of
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the prehyperoxic period and hyperoxic bout. These
procedures achieved 60 seconds of data to represent
each 5-second window before and during hyperoxia
delivery. The hyperoxic response was determined as
the 5-second nadir relative to the prehyperoxic
period. Because of unpredictable shifts in the MSNA
signal during head-up tilt, only trials in which the
MSNA signal was stable (ie, no audible nerve sheath
crossings or obvious visual or auditory change to the
signal-to-noise ratio) for the duration of the hyper-
oxic bouts (ie, 30 seconds preceding hyperoxia and 30
seconds during hyperoxia delivery) were used. Thus,
the last 3 trials were not used for all participants. For
each hyperoxic bout, MSNA burst amplitudes were
normalized to the largest burst in each 30-second
prehyperoxic period.

SEMI-INTACT ANIMAL EXPERIMENTS. The perfused
working heart-brain stem preparation. To investigate
the influence of brain perfusion pressure on ventila-
tory and sympathetic control, we used a an iteration
of semi-intact preparation of the rat neurovascular
system (the working heart-brain stem prepara-
tion).>"** The working heart-brain stem preparation
is an established research tool designed to assess the
neural mechanisms regulating the respiratory and
cardiovascular systems and their coupling in health
and disease.’’ In this reduced in situ model, there is
no heart, lungs, abdominal viscera, or input from
other brain areas (ie, decerebrate), and the brain stem
is perfused with artificial blood by a peristaltic pump.
This semi-intact model was chosen because: 1) the
preparation is eviscerated and exsanguinated, which
allows us to assess the effects of brain perfusion on
respiratory and sympathetic nerve activity indepen-
dent of humoral, blood-borne factors, and visceral
afferents; 2) respiratory and autonomic nerve activity
can be monitored in the absence of peripheral respi-
ratory chemosensory and baroreceptors feedback; 3)
the perfusate composition, gases, flow rate, and
pressure are under precise experimental control;*'
and 4) the use of a decerebrate preparation elimi-
nates the need for anesthesia, which in turn elimi-
nates its influence on cardiovascular
hemodynamic status.

Animals. For the working heart-brain stem prepara-
tion, prepubescent male Sprague-Dawley rats (4-
6 weeks of age, weight 80-150 g) were used. Male rats
were used because they are larger at younger, pre-
pubescent ages, which allows higher flow rates and
better perfusion pressure control. Data from prepa-
rations lacking rhythmic eupneic phrenic bursts
(n = 1) or in which phrenic or sympathetic nerve re-
cordings were lost before protocol completion (n = 4)
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were excluded.?” Data presented were obtained from
10 complete preparations.

In situ animal instrumentation. Pressure recordings.
Perfusion pressure was measured in the lumen of the
descending aorta using a dual-lumen cannula
connected to a pressure transducer (DTX Blood
Pressure Transducer, BPM-382 Pressure Monitor,
CWE).

Nerve recordings. Silver hook electrodes were used to
record from the phrenic and greater splanchnic
nerves to provide indexes of respiratory and sympa-
thetic nerve activity, respectively. Neural activity was
amplified, filtered (phrenic, 300- to 1,000-Hz band-
pass filter; splanchnic, 100- to 1,000-Hz band-pass
filter), rectified, and integrated (200-ms time
constant decay; MA-821/RSP Moving Averager,
CWE). All data were digitized (Digidata 1322A,
Molecular Devices) and sampled at 5 kHz (AxoScope
9.0, Molecular Devices) for off-line analysis
(LabChart Pro 8).

In situ animal experimental protocol. The rats
were deeply anesthetized only at the onset of the
experiment protocol (absent response to noxious tail
or hind paw pinch) with 5% isoflurane in air. While
under a deep surgical anesthetic plane, rats were
bathed in ice-chilled physiological saline solution
(115 mM NaCl, 4 mM KCl, 1 mM MgSO,, 24 mM
NaHCO;, 1.25 mM NaH,PO,, 2 mM CaCl,, 10 mM
D-glucose, and 12 mM sucrose), spinally transected
below the diaphragm near the thoracic-lumbar junc-
tion, and decerebrated at the midbrain (ie, the mid-
collicular level). Rats were then carefully eviscerated
with preservation of the phrenic and greater
splanchnic nerves before being transferred to an
artificial perfusion rig. Once decerebrated, anesthesia
is no longer necessary, and the preparation is
considered unanesthetized during the subsequently
described experimental protocol.

The descending aorta was perfused with physio-
logical saline solution equilibrated with 40 torr CO,
and balance O,. The preparation was first perfused
with cool (~15 °C) perfusate and then gradually
warmed until the preparation reached 32 to 33 °C.
Mean arterial pressure was measured using a dual-
lumen cannula and gradually raised to 90 mm Hg
with a servo-controlled rotary pump.

To determine whether the brain can modulate
respiratory and sympathetic nerve activity during
acute changes in perfusion (ie, flow and pressure)
independent of peripheral chemo- and baroreceptor
input, 2 groups of animals were tested, those with
intact and bilateral denervated carotid sinus and
common vagus nerves. In both groups, after a 10-
minute baseline at constant temperature and
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pressure, the servo-controlled pump speed was ran-
domized to either decrease pressure to about
60 mm Hg or increase pressure to about 120 mm Hg.
Each pressure challenge lasted 30 to 60 seconds.
Baseline respiratory and sympathetic nerve activity
parameters in preparations with intact and dener-
vated peripheral chemoreceptor and baroreceptor
afferents were not different (Supplemental Table 6).
In situ animal data analysis. Phrenic bursts were
used to indicate the inspiratory phase of the respira-
tory cycle. The product of phrenic burst rate and burst
amplitude (an index of inspiratory tidal volume?*?)
was used as an index of respiratory nerve activity.*”
For analysis of sympathetic nerve activity, all activ-
ity was first subtracted by the noise level determined
after a 10- to 20-minute period after ceasing arterial
perfusion to the preparation.** Mean sympathetic
activity was then signal averaged relative to each
respiratory cycle (ie, whole respiratory cycle, from
phrenic burst onset to next burst onset; inspiration,
from phrenic burst onset to burst peak; expiration,
from phrenic burst peak to the next phrenic burst
onset).>*

Respiratory frequency, inspiratory and expiratory
times, ratio of inspiratory to expiratory time, eupneic
index (inspiratory ramp time divided by the total
inspiratory time*?), and normalized sympathetic
nerve activity were assessed at baseline. Respiration
frequency, neural tidal volume, total respiratory
nerve activity, and sympathetic nerve activity were
normalized to the mean of a 1-minute baseline period.
During perfusion pressure challenges, the peak and
nadir activity across a 15-second moving average
(averaging window moved ahead 1 phrenic burst at a
time) was determined.

STATISTICAL ANALYSIS. Human experiments. All
data are presented as mean + SD, unless otherwise
specified. There are no prior data assessing acute
hyperoxia on ventilation and sympathetic nerve re-
sponses in patients with POTS. The sample size was
therefore estimated on the basis of previous studies
using acute hyperoxia to assess the contribution of
the peripheral chemoreceptors to ventilation in
clinical populations.>>%° Normality of
continuous variables was determined using the
Shapiro-Wilk test. Participant demographics, baseline
hemodynamic status, orthostatic hemodynamic sta-
tus, and ventilatory changes (expressed relative to

various

baseline) were compared between patients with POTS
and control subjects using an independent-samples,
2-tailed Student’s t-test. Continuous cardiorespira-
tory responses to hyperoxia were compared using a 2-
factor mixed-effects model: [group: control vs
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patient] x [gas (repeated measure): normoxia vs
hyperoxia] with Bonferroni post hoc testing correc-
tion. Group differences in ventilation and MSNA in-
hibition during hyperoxia were compared using a 2-
factor mixed-effects model: [group: POTS vs
control] x [position (repeated measure): supine vs
head-up tilt] with Bonferroni post hoc testing
correction. Linear regressions were used to investi-
gate the relationship of changes in ventilation and
sympathetic nerve activity with hemodynamic status
using Pearson’s correlation coefficient (r).

In situ animal experiments. Changes from baseline
in neural activity for the denervated group were
assessed using a nonparametric, 2-tailed Mann-
Whitney U test. A 2-factor mixed-effects model—
[group: intact vs denervated] x [pressure (repeated
measure): baseline vs low pressure vs high pressure]—
with a Bonferroni post hoc analysis was used to
compare pressure and neural activity in the dener-
vated and intact groups.

Statistical significance was set at P < 0.05. Statis-
tical analyses were performed using Prism version
9.4.1 (GraphPad Software). Figures were created us-
ing Prism and BioRender (biorender.com).

RESULTS

CARDIORESPIRATORY RESPONSES TO POSTURAL
STRESS ARE IMPAIRED IN PATIENTS WITH POTS.
Cardiorespiratory responses to postural stress were
characterized in patients with POTS and control sub-
jects (Figure 1A). In response to head-up tilt, patients
had larger increases in heart rate (+21 + 9 beats/min
vs +13 £ 10 beats/min; P = 0.022) (Figures 1B and 1C,
top; Table 3) and ventilation (+3.4 4+ 2.4 L/min vs +1.2
+ 1.6 L/min; P = 0.007) (Figures 1B and 1C, middle)
compared with control subjects, despite no differ-
ences in systolic (POTS vs control subjects: A6 4+
12 mm Hg vs A10 + 9 mm Hg; P = 0.29), diastolic
(POTS vs control subjects: A10 + 9 mm Hg vs A9 +
7 mm Hg; P = 0.87), or mean blood pressure responses
(POTS vs control subjects: A9 + 10 mm Hg vs A10 +
8 mm Hg; P = 0.74) (Table 3). Unexpectedly, our POTS
cohort did not demonstrate exaggerated increases in
MSNA compared with control subjects (Figures 1F and
1G, Table 3).

To explore mechanisms underlying exaggerated
postural ventilation without the confounding influ-
ence of changing arterial blood gases, we incorpo-
rated end-tidal gas clamping, which allowed us to
precisely control end-tidal CO, and O, throughout the
study. As a result, neither supine end-tidal CO, or O,
(Table 2) nor the change in end-tidal CO, and O,
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FIGURE 1 Neurocardiorespiratory Responses to Head-Up Tilt
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(A) Orthostatic challenges were performed in patients with postural orthostatic tachycardia syndrome (POTS) and control subjects using a 60°
head-up tilt test with continuous measurements of ventilation, heart rate, and muscle sympathetic nerve activity (MSNA). (B) Neuro-
cardiovascular responses to head-up tilt. Line plots illustrate representative patient traces of heart rate (top), ventilation (middle), and MSNA
(bottom). (C) Bar charts show changes in heart rate (top), ventilation (middle), and MSNA (bottom). Data are presented as mean =+ SD.
Cardiorespiratory responses were compared between patients with POTS and control subjects using independent-samples 2-tailed Stu-
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TABLE 3 Cardiorespiratory and Sympathetic Changes During Head-Up Tilt
Control Patients
Subjects With POTS
(n=1) (n =25) P Value
Peripheral hemodynamics
A Heart rate, beats/min 12 +£10 21+9 0.022
A Stroke volume, mL -19 +£10 -26+7 0.019
A Cardiac output, L/min -0.5+ 05 -0.8+0.7 0.29
A Mean arterial pressure, mm Hg 10+ 8 9+10 0.74
A Systemic vascular resistance, dynes/cm® 439 + 412 425 + 382 0.92
A Pulse pressure, mm Hg 0.6 +£5.0 —-43+56 0.016
A Arterial pulsatility index —0.06 + 0.06 -0.1 +£ 0.04 0.026
Cerebral hemodynamics
A MCAVmean, cm/s -1.3+36 0.7 +£5.7 0.31
A MCAVpe,i, €m/s —4.5+51 —4.1+8.0 0.88
A MCAVin, cm/s 03+ 4.1 31+5.0 0.13
A MCAv pulsatility index —0.05 + 0.07 -0.1+0.05 0.022
Sympathetic (n=5) (n=29)
A Burst frequency, bursts/min 20 +5 20+ M 0.87
A Burst amplitude, % of peak 32+9 37 +14 0.43
A Total MSNA, AU/min 1,782 + 576 2,162 + 1,813 0.66
End-tidal gases
A End tidal CO,, mm Hg 0.01 £ 2.4 -0.1+03 0.35
A End tidal Oy, mm Hg 02+13 0.1+12 0.76
Values are mean =+ SD. P values in bold denote statistical significance.
Abbreviations as in Table 2.

(Table 3) during head-up tilt was different between
patients and control subjects. Importantly, clamping
end-tidal CO, and controlling the confounding effects
of arterial blood gases on cerebral blood flow helped
maintain MCAv (peak, minimum, and mean) at
similar levels during supine and head-up tilt (Table 3).

PERIPHERAL CHEMORECEPTOR ACTIVITY IS NOT
EXAGGERATED IN PATIENTS WITH POTS. To deter-
mine whether exaggerated peripheral chemoreceptor
activity drives postural ventilation and sympathetic
activity in patients, activity was inhibited using acute,
transient exposures to hyperoxia in the supine and
upright position (Figure 2A). During supine and up-
right hyperoxia, end-tidal O, was significantly
increased compared with normoxia in both groups
(Supplemental Tables 2 to 5). The change in end-tidal
0, was not different between patients with POTS and
control subjects in the either the supine (POTS vs
control subjects: A269 + 37 mm Hg vs A287 +
21 mm Hg; P = 0.15) or upright (POTS vs control sub-
jects: A280 + 42 mm Hg vs A280 + 16 mm Hg; P = 0.99)
position. Across the cohort (patients with POTS and
control subjects), hyperoxia significantly reduced
ventilation in both the supine (Figure 2B) and upright
(Figure 2B) positions, as well as total MSNA in the
supine (Figure 2C) and upright (Figure 2C) positions.
Compared with supine hyperoxia, during head-up tilt
there was a greater reduction in ventilation
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(supine —1.4 + 0.7 L/min vs head-up tilt -1.8 + 1.0 L/
min; P = 0.007) (Figure 2B) and total MSNA
(supine —267 + 254 AU vs head-up tilt —492 + 241 AU;
P = 0.013) (Figure 2C), but neither the magnitude of
ventilatory inhibition nor total MSNA inhibition was
different between patients with POTS and control
subjects in either position (Figure 2D). These findings
suggest that peripheral chemoreceptor activity is not
exaggerated in patients with POTS relative to control
subjects and thus is not a significant mechanism
driving postural ventilation. A full summary of the
cardiorespiratory responses to hyperoxia in
patients with POTS and control subjects in the supine
and upright position is shown in Supplemental
Tables 2 to 5.

STROKE VOLUME AND CEREBROVASCULAR PULSATILITY
AS DETERMINANTS OF POSTURAL VENTILATION AND
SYMPATHETIC ACTIVITY IN PATIENTS WITH POTS. Next,
we examined the relationship between postural he-
modynamic status and ventilation and sympathetic
activity using beat-to-beat transcranial Doppler ul-
trasound of the middle cerebral arteries (Figure 3A).
During head-up tilt, patients with POTS had larger
reductions in stroke volume compared with control
subjects (Figure 3B, Table 3). Across the cohort (pa-
tients with POTS and control subjects), larger re-
ductions in stroke volume were significantly
correlated with increases in ventilation (r = —0.48;
P = 0.003), heart rate (r = —0.53; P < 0.001), and
systemic arterial pulsatility (r = 0.64; P < 0.001) but
not with changes in systolic (r = —0.15; P = 0.64) or
mean blood pressure (r = —0.30; P = 0.13) and only
weakly with change in diastolic blood pressure
(r = —0.39; P = 0.019). Importantly, stroke volume
remained significantly related to ventilation
(r = —0.54; P = 0.005), heart rate (r = —0.45;
P = 0.023), and systemic arterial pulsatility (r = 0.48;
P =0.015) in only patients with POTS, suggesting that
the results were not related to an artifact introduced
by including control subjects. During head-up tilt,
systemic arterial pulsatility was also significantly
reduced in patients with POTS (Table 3). This reduc-
tion was only weakly correlated with increases in
heart rate (r = —0.38; P = 0.021) and had no correla-
tion with changes in ventilation (r = —0.23; P = 0.15),
suggesting that the associations between reduced
stroke volume and increased ventilation and heart
rate may not be through mechanisms related to
changes in peripheral arterial hemodynamic status,
per se.

Indeed, reductions in stroke volume were also
predictive of reductions in MCAv pulsatility
(Figure 3C), and we found that the reduction in MCAv
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FIGURE 2 Sympathorespiratory Responses to Peripheral Chemoreceptor Inhibition
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pulsatility during head-up tilt was larger in patients
with POTS compared with control subjects (Figure 3D,
Table 3). Importantly, across the cohort (patients with
POTS and control subjects), we found that reductions
in MCAv pulsatility were strongly correlated with
increases in ventilation (Figure 3E) and heart rate
(r = —0.47; P = 0.007). Similar to stroke volume, the
relationship between MCAv pulsatility and ventila-
tion remained significant in only patients with POTS
(r = —0.51; P = 0.018). Finally, although MSNA was
not different between groups during head-up tilt, and
no MSNA variables were correlated with changes in
stroke volume (|r| < 0.40 for all; P > 0.16) or systemic
arterial pulsatility (|r| < 0.36 for all; P > 0.21), re-
ductions in MCAv pulsatility strongly correlated with
increases in MSNA burst amplitude (Figure 3F) but not
with changes in MSNA burst frequency (r = —0.37;
P = 0.21) or total MSNA (r = —0.46; P = 0.12).
Together, these data suggest a role for cerebrovas-
cular pulsatility in the control of ventilation and
sympathetic activity and strongly implicate reduced
brain perfusion*** as a key mechanism underlying
exaggerated postural ventilation in patients with
POTS.

REDUCED BRAIN PERFUSION INCREASES SYMPATHORES-
PIRATORY NERVE ACTIVITY IN AN IN SITU PREPARATION.
To test whether changes in brain perfusion modulate
respiratory and sympathetic nerve activity indepen-
dent of peripheral chemoreceptor and baroreceptor
input, we used a rotary pump system to manipulate
perfusion pressure in an arterially perfused in situ
preparation with bilateral denervation of carotid si-
nus and common vagus nerves (n = 5) (Figure 4A).
Perfusion pressure was randomly increased and
decreased (Figure 4B, top), while phrenic (Figure 4B,
middle) and splanchnic (Figure 4B, bottom) nerve
activities were continuously recorded. Here, we
observed that a reduction in brain perfusion pressure
increased respiratory (Figure 4C) and sympathetic
(Figure 4D) nerve activity relative to baseline. When
perfusion pressure was raised, respiratory nerve ac-
tivity decreased relative to baseline (Figure 4C),
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whereas sympathetic nerve activity was not signifi-
cantly changed (Figure 4D).

Importantly, respiratory and sympathetic re-
sponses to drops in perfusion pressure in denervated
preparations were comparable with preparations with
intact peripheral chemoreceptor and baroreceptor
afferents (ie, no differences in total respiratory nerve
activity [Figure 4C] or sympathetic nerve activity
[Figure 4D]), suggesting that lower perfusion pressure
is sensed primarily at the level of the central nervous
system. Conversely, in response to increased perfu-
sion pressure, we found that preparations with intact
peripheral chemoreceptor and baroreceptor afferents
had a greater decrease in respiratory (Figure 4C) and
sympathetic nerve activity (Figure 4D). Together,
these data show that reductions in brain perfusion
can trigger increases in respiratory (ie, phrenic nerve)
and sympathetic (ie, splanchnic nerve) nerve activity,
signifying a key mechanism underlying postural
ventilation in patients with POTS. A complete sum-
mary of the respiratory and sympathetic nerve re-
sponses to low and high perfusion in preparations
with intact and denervated peripheral chemoreceptor
and baroreceptor afferents is provided in
Supplemental Table 7.

DISCUSSION

Postural hyperventilation has been implicated as a
cause of POTS; however, the mechanisms driving this
clinical presentation are unclear. In this study, we
examined potential mechanisms modulating postural
ventilation in patients with POTS. First, we explored
the possibility of exaggerated peripheral chemore-
ceptor activity and found that activity is not exag-
gerated in patients with POTS relative to control
subjects and thus not a likely mechanism driving
increased postural ventilation. We then examined the
relationship between postural hemodynamic status,
ventilation, and sympathetic nerve activity and
showed that postural reductions in stroke volume and
cerebrovascular pulsatility, a marker of brain perfu-
sion, were significant determinants of postural

FIGURE 2 Continued

testing correction. Abbreviations as in Figure 1.

(A) Hyperoxia was supplied using sequential gas delivery to precisely control acute, transient bouts of oxygen while participants were supine
and upright. (B) Across the cohort, hyperoxia significantly reduced ventilation in the supine and upright positions (left), and the ventilatory
reduction was greater during head-up tilt (right). (C) Pooled MSNA responses to hyperoxia were also reduced in the supine and upright
position (left) and were similar reduced to a greater magnitude during head-up tilt (right). (D) Between-group comparisons showed that
neither the magnitude of ventilation inhibition (left) nor sympathetic inhibition (right) was different between patients with POTS and
control subjects in either position. Data are presented as mean + SD. Pooled ventilatory and MSNA responses to hyperoxia and group dif-
ferences in ventilation and MSNA inhibition during hyperoxia were compared using a 2-factor mixed-effects model with Bonferroni post hoc
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FIGURE 3 Reduced Stroke Volume and Cerebrovascular Pulsatility Drive Postural Ventilation
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(A) Middle cerebral artery velocity (MCAv) pulsatility was continuously measured during 60° head-up tilt using beat-to-beat transcranial Doppler ultrasound. (B)
Postural reductions in stroke volume were greater in patients with POTS. (C) Changes in stroke volume correlated with changes in MCAv pulsatility. (D) Postural
reductions in MCAv pulsatility were also greater in patients with POTS and were strongly predictive of postural changes in ventilation (E) and MSNA burst amplitude (F).
Data are presented as mean =+ SD. Hemodynamic response to head-up tilt was compared between patients with POTS and control subjects using an independent-
samples, 2-tailed Student's t-test. Linear regressions were used to investigate the relationship of changes in ventilation and sympathetic nerve activity and he-

modynamic status. Pl = pulsatility index; other abbreviations as in Figure 1.

ventilation and sympathetic activity. Finally, to
isolate the effects of brain perfusion on sympathor-
espiratory control, we demonstrated in an in situ ro-
dent preparation that reductions in brain perfusion
increased respiratory (ie, phrenic) and sympathetic
(ie, splanchnic) nerve activity. Overall, this set of
translational studies have uncovered key mechanisms
underlying postural ventilation and sympathetic ac-
tivity in patients with POTS.

CARDIORESPIRATORY AND SYMPATHETIC RESPONSES
TO PERIPHERAL CHEMORECEPTOR INHIBITION. Previ-
ous studies have postulated exaggerated peripheral
chemoreceptor activity drives postural ventilation
and sympathetic activity in POTS.>°-'> We tested this
hypothesis using inspired hyperoxia to inhibit the
peripheral chemoreceptors. In response to peripheral
chemoreceptor inhibition, we observed transient re-
ductions in ventilation and sympathetic nerve activ-
ity in both control subjects and patients with POTS in

both the supine and upright position. However, con-
trary to previous hypotheses,® ' there was no signif-
icant difference in the magnitude of either the
ventilatory or sympathetic inhibition between pa-
tients and control subjects. These findings suggest
that peripheral chemoreceptor activity is not exag-
gerated in patients with POTS and thus likely not a
significant factor underlying exaggerated postural
hyperventilation and sympathetic nerve activity
in patients.

IMPAIRED SYSTEMIC HEMODYNAMIC STATUS IN
POTS. During head-up tilt, patients had larger re-
ductions in stroke volume compared with control
subjects, which was strongly correlated with the
change in ventilation. Reduced stroke volume in pa-
tients with POTS is likely due to reductions in cardiac
preload from either impaired cardiac venous return or
from reduced diastolic filling time secondary to
tachycardia. Although splanchnic and lower limb
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FIGURE 4 Sympathorespiratory Responses in a Semi-Intact Perfused Brain Preparation Due to Perfusion Changes
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(A) The decerebrate rat preparation is perfused via the cannulated descending aorta. Spontaneous phrenic nerve (respiratory efferent) and
greater splanchnic nerve (sympathetic efferent) activity are recorded in parallel with perfusion pressure changes. (B) Perfusion pressure was
randomly increased and decreased (top) in preparations with denervated (top left) (n = 5) and intact (top right) (n = 5) peripheral chemo-
receptor and baroreceptor afferents while phrenic (middle) and splanchnic (bottom) nerve activity was continuously measured. (C) Respi-
ratory nerve activity and (D) sympathetic nerve activity were both reflexively inhibited and activated in response to high and low perfusion
pressure, respectively. This pattern was observed in both denervated and intact rats. *P < 0.05, **P < 0.01, and ***P < 0.001 represent
values significantly different from the normalized baseline of 1.0. Data are presented as mean + SD. Respiratory and sympathetic nerve
activity during pressure challenges in intact vs denervated animals were compared using a 2-factor mixed-effects model, Bonferroni post hoc

analysis.

venous distension was not assessed in the present
study, prior studies have shown persistent splanchnic
hyperemia during head-up tilt in patients with
POTS,??** which may indicate splanchnic venous
distension with subsequent reduced cardiac venous
return. Moreover, many patients with POTS have low
blood volumes,? which could also contribute to
reduced stroke volume and, in turn, reduced brain
perfusion. Further investigations into the role of pe-
ripheral venous hemodynamic status and impaired
blood volume regulation as a mechanism driving
postural ventilation are warranted.

REDUCED BRAIN PERFUSION INCREASED RESPIRATORY
AND SYMPATHETIC NERVE ACTIVITY. In addition to
stroke volume differences, patients with POTS also

had larger postural reductions in cerebrovascular
pulsatility compared with control subjects. Re-
ductions in cerebral blood velocity during orthostatic
stress have been shown to precede ventilatory
changes,®?' suggesting that brain blood flow and
perfusion may influence ventilatory and sympathetic
activity during orthostatic stress. Accordingly, in
response to upright posture, we observed a 2-fold
reduction in cerebrovascular pulsatility in patients
with POTS, which was largely explained by the
reduction in stroke volume (Figure 3C). Using an
arterially perfused in situ preparation, we confirmed
that changes in brain perfusion modulate respiratory
and sympathetic activity independent of peripheral
chemoreceptor and baroreceptor input. Together our
findings suggest that in patients with POTS, reduced
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cerebrovascular pulsatility, likely driven by a reduc-
tion in stroke volume, may compromise brain perfu-
sion resulting in increased ventilation and
sympathetic activity.

CLINICAL IMPLICATIONS. The findings of this study
have potential clinical implications for managing pa-
tients with POTS. Contrary to previous hypotheses,
our results indicate that exaggerated peripheral
chemoreceptor activity does not significantly
contribute to postural ventilation and sympathetic
activation in patients with POTS. This challenges
previous assumptions and suggests that targeting
peripheral chemoreceptor activity may not be an
effective avenue for therapeutic interventions.
Instead, our study highlights the importance of un-
derstanding and addressing peripheral and central
hemodynamic factors in patients with POTS. Specif-
ically, the larger reductions in stroke volume during
orthostatic stress in patients with POTS, accompanied
by significant correlations with increased ventilation
and heart rate, highlight the relevance of impaired
systemic hemodynamic status in contributing to the
disorder. Therefore, interventions aimed at opti-
mizing cardiac preload and addressing factors influ-
encing stroke volume may be crucial in the
management of patients with POTS, potentially alle-
viating the debilitating symptoms associated with
cardiovascular dysregulation.

Furthermore, these studies introduce a novel
perspective by demonstrating that reduced cerebro-
vascular pulsatility may be a key factor underlying
postural ventilation and sympathetic activity.
This insight emphasizes the importance of maintain-
ing adequate brain perfusion in patients with POTS,
as compromised perfusion appears to play a signifi-
cant role in triggering respiratory and sympathetic
responses. Clinicians managing patients with POTS
may consider interventions focused on improving
brain perfusion to alleviate symptoms and enhance
overall patient well-being.

STUDY LIMITATIONS. First, we were unable to make
biological sex comparisons. POTS affects primarily
women (>90%), so although attempts were made to
recruit across all sexes, only female patients were
successfully recruited. Second, not all patients were
willing or able to stop all medications related to their
treatment prior to the study visit. Although we did
not observe physiological differences between pa-
tients on vs off medications (other than baseline heart
rate), medication use could still have introduced
variability within the POTS data set.

Third, to maintain baseline end-tidal CO,, the
sequential gas delivery system maintains CO, about 2
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to 3 mm Hg above resting levels. This likely contrib-
uted to a small degree of tonic chemoreflex activation
in both the supine and upright positions, which likely
contributed to the observed reduction in ventilation
in both groups even in the supine position.

Fourth, we did not assess for baseline differences
in blood volume or venous distribution, which could
contribute to the differences in stroke volume in
POTS. Additionally, estimates of stroke volume were
obtained using a Modelflow waveform analysis,*”
which may not always be accurate in all experi-
mental and clinical scenarios. Despite its limitations,
this metric offers the most accessible and cost-
effective means to obtain estimates of stroke vol-
ume and has been previously validated to provide
estimates of stroke volume specifically during ortho-
static challenges,”®> which was pertinent to the pre-
sent study.

Fifth, because of the highly specialized nature of
the MSNA technique, signal loss can be common in
the supine position, especially when attempting to
capture repeated measures in both the supine and
upright positions. Low numbers could be the reason
for not seeing differences between patients with
POTS and control subjects, as previous reported.**+¢
Although there was a small sample size, the MSNA
results mirror those observed for ventilation such
that the peripheral chemoreflex contributed to
increasing both ventilation and MSNA during upright
posture, and that both the change in ventilation and
MSNA burst amplitude during head-up tilt were
significantly correlated to changes in MCA pulsatility,
2 unique observations that have never been shown
before.

Finally, although we recognize that POTS affects
predominantly women, only male rats were used for
the reduced in situ preparation. Male animals were
chosen for the preparation; however, all animals were
prepubescent and exsanguinated, which removes any
potential sex-based influences on our observed re-
sponses. Male rats were chosen because they are
larger at younger, prepubescent ages, which allows
higher flow rates and better perfusion pressure con-
trol. Moreover, it is important to clarify that our study
was not designed to address the underlying reasons
for sex differences in POTS. On the contrary, we
assessed differences between 2 groups of female
participants (ie, healthy vs POTS). Ventilation and
MSNA increased in both groups with head-up tilt,
although the ventilatory responses were greater in
POTS. Hence, both groups appear to share a common
physiological principle that fluid redistribution to-
ward the extremities leads to increased ventilation
and sympathetic activity. The working heart-brain
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stem preparation was chosen to test if these re-
sponses were mediated by reductions in brain
perfusion. This unique preparation allows us to
manipulate brain perfusion free from humoral and
peripheral feedback mechanisms. Thus, the working
heart-brain stem preparation was chosen not as a
model of POTS but rather to further study the basic
physiology underlying the effects of reduced brain
perfusion leading to increased ventilatory and sym-
pathetic drive, which appears exaggerated in POTS.

CONCLUSIONS

This study uncovers novel mechanisms driving
postural ventilation in female patients with POTS.
Contrary to previous assumptions, exaggerated pe-
ripheral chemoreceptor activity is not a significant
contributor to postural hyperventilation in POTS.
Instead, reductions in stroke volume and cerebro-
vascular pulsatility during orthostatic stress emerge
as critical factors associated with increased ventila-
tion and sympathetic activity in patients with POTS.
These findings have important clinical implications,
emphasizing the need to target systemic hemody-
namic status and preserve adequate brain perfusion
in the management of patients with POTS.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The
present study carries significant clinical implications.
Contrary to prior assumptions, the research chal-
lenges the notion that exaggerated peripheral
chemoreceptor activity is a key contributor to postural
hyperventilation in patients with POTS. Instead, the
study highlights the importance of addressing sys-
temic hemodynamic factors, particularly reductions in
stroke volume and brain perfusion, as primary drivers
of postural ventilation and sympathetic activity.
Clinicians might consider therapeutic interventions
focused on optimizing cardiac preload and preserving
brain perfusion to alleviate symptoms associated with
POTS, paving the way for more targeted and effective
management strategies for this debilitating disorder.

TRANSLATIONAL IMPLICATIONS: Although the
findings highlight the importance of systemic hemo-
dynamic status in POTS, future work focused on
postural hyperventilation in POTS may consider tar-
geting cerebrovascular pulsatility potentially through
mechanisms that can help preserve stroke volume.
Furthermore, exploring interventions targeting stroke
volume and brain perfusion in a clinical setting would
provide valuable insight on the feasibility and efficacy
of these approaches, guiding the development of
novel therapies for patients with POTS.
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