1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

&

WEALTH 4
of P
e

/ HHS Public Access

Author manuscript

ﬁ Clin Auton Res. Author manuscript; available in PMC 2022 August 01.

Published in final edited form as:
Clin Auton Res. 2021 August ; 31(4): 563-571. d0i:10.1007/s10286-021-00772-y.

High-Sodium Diet does not Worsen Endothelial Function in
Female Patients with Postural Tachycardia Syndrome

Emily C. Smith®, Jorge Celedoniol, Victor C. Nwazuel, Emily M. Garland?, Sachin Y.
Paranjapel, Abby H. Chopoorian2, Amr Wahbal, Italo Biaggionil:3, Bonnie Black!, Cyndya
A Shibaol, André Diedrichl, Luis E. Okamoto?, Satish R. Rajl4, Alfredo Gamboal
lvanderbilt Autonomic Dysfunction Center, Division of Clinical Pharmacology, Department of
Medicine, Vanderbilt University Medical Center, Nashville, Tennessee

2Vvanderbilt University School of Medicine, Nashville, Tennessee
SDepartment of Pharmacology, Vanderbilt University, Nashville, Tennessee

“Department of Cardiac Sciences, Libin Cardiovascular Institute, Cumming School of Medicine,
University of Calgary, Calgary, Alberta, Canada.

Abstract

Purpose—~Postural Tachycardia Syndrome (POTS) — a syndrome characterized by orthostatic
symptoms and a heart rate increase of at least 30 beats per minute in the absence of hypotension
upon standing — is often accompanied by increased sympathetic activity and low blood volume. A
common non-pharmacologic recommendation for POTS is a high-sodium diet with the goal of
bolstering circulating blood volume. The objective of this study is to assess the effects of 6 days of
high sodium on endothelial function in POTS.
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Methods—14 patients with POTS and 13 age-matched healthy controls, all females, were studied
following six days of low sodium (10 mEg/day) and six days of high-sodium (300 mEg/day) diets
in a crossover manner. We measured endothelial function following reactive hyperemia in the
brachial artery using Flow Mediated Dilation (FMD), Leg Blood Flow (LBF) using strain gauge
plethysmography in the calf, and reactive hyperemic index (RHI) in the microcirculation of the
hand using Pulsatile Arterial Tonometry.

Results—On the low-sodium diet, FMD% did not differ between POTS and Controls although
peak brachial artery diameter was lower for POTS. RHI was higher for POTS than Controls, but
there were no differences in post-ischemic LBF increase. On the high-sodium diet, there were no
differences in FMD%, LBF increase or RHI between groups.

Conclusion—In summary, a high-sodium diet for six days did not induce endothelial
dysfunction. This non-pharmacologic treatment used for patients with POTS does not negatively
affect endothelial function when used for a sub-acute duration.

Keywords

Endothelial function; nitric oxide; autonomic nervous system; postural tachycardia syndrome;
dietary salt

Introduction

Postural Tachycardia Syndrome (POTS) is characterized by an increase in heart rate of at
least 30 beats per minute when upright in the absence of hypotension [12, 15, 40, 44] and
orthostatic symptoms for more than 6 months. The orthostatic tachycardia is often
accompanied by symptoms of sympathetic activation such as tremor and palpitations, and in
some patients the exaggerated heart rate response is coupled with high muscle sympathetic
nerve activity [28, 44].

Endothelial dysfunction, an impairment of vasodilatory responses in blood vessels, can
increase long-term cardiovascular risk [3, 7]. Prior studies found bidirectional inverse
relationships between sympathetic activation and nitric oxide (NO), which plays a key role
in vasodilation [18]. Sander et al. and Young et al. found that inhibition of NO leads to
hypertension and sympathoexcitation, respectively [42, 50]. Conversely, Hijmering et al.
found that sympathetic activation reduces NO-mediated vasodilation [23].

In addition to sympathetic activation, many patients with POTS have been found to have a
deficit in blood volume, and these patients are encouraged to follow a high-sodium (HS) diet
in an attempt to boost circulating blood volume [14, 39, 40, 44]. In healthy normotensives, a
HS diet decreases NO production [10] but does not always cause measurable decreases in
endothelial function and effects on endothelial function may be increased in males as
compared to females [10, 11, 22, 29, 33]. It is unknown whether a HS diet affects
endothelial function in patients with POTS, a syndrome predominantly seen in females [43].
We have previously shown that patients with POTS respond similarly to the suppression of
NO synthesis under autonomic blockade on an uncontrolled diet as controls. We concluded
that there is no functional impairment of the endothelial response to endogenous NO in
POTS.
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A recent meta-analysis of salt-supplementation in patients with orthostatic intolerance only
included one study of patients with POTS - a study looking at whether 24-hour sodium
urine levels could be used to identify whether adolescents with POTS respond to oral sodium
supplementation [31, 51]. No studies examined the long-term cardiovascular risk of high
sodium diets [31]. This is the first study designed to measure the effect of a six-day high-
sodium diet on endothelial function in patients with POTS. The goal of the present study is
to assess the impact of dietary salt on endothelial function in different vascular beds (conduit
arteries, resistance vessels and microcirculation) and different anatomic sites (upper vs.
lower limbs) in healthy females and a cohort of patients with POTS. We test the hypothesis
that six days of a high-sodium diet will result in a decrease of endothelial function in POTS.

The Vanderbilt Institutional Review Board approved this study (Vanderbilt IRB 091322) and
it was registered on ClinicalTrials.gov (NCT1550315). Each participant gave their written
informed consent prior to starting study activities.

General Study Description:

Premenopausal females with POTS (between the ages of 18 and 50 years) with age- and sex-
matched healthy control participants were enrolled in this study. Only patients with a POTS
diagnosis confirmed by the Vanderbilt Autonomic Dysfunction Center were enrolled. Due to
the lower prevalence of POTS among males we chose just to enroll females in this study,
eliminating the need to control for sex-related differences in our analyses. Healthy controls
were screened and were required to have normal hematologic, renal and liver function lab
work, a normal EKG, supine blood pressure < 145/95, and no history of cardiac, liver, blood
or lung diseases. They were also pre-menopausal, non-smokers and did not have any
illnesses or take medications which might impact autonomic function (for example,
adrenocortical disease, diabetes, etc.).

A diet length of 5 to 7 days have been used in six previous studies of the effect of dietary
sodium on endothelial function, which formed the basis for choosing a six-day diet period in
this study [4, 9-11, 22, 29, 33]. After enrollment, participants received either six days of
low-sodium (LS; 10 mEg/day) or high-sodium (HS; 300 mEg/day) diet in a randomized
crossover design. Study periods were generally separated by one month and were scheduled
so that study days occurred in the same phase of the participants’ menstrual cycle. The LS
diet was ~10% of recommended sodium intake (2300 mg or ~100 mEq) and the HS diet was
~300% of the recommended sodium intake. Both study diets were alcohol-, caffeine- and
methylxanthine-free and provided approximately 80 mEqg/day of potassium (K*). Meals
were prepared by the Vanderbilt CRC metabolic kitchen. Fluid intake was ad libitum
throughout the study period. Patients with POTS were admitted to the Vanderbilt Clinical
Research Center (CRC) prior to diet initiation, whereas controls were provided with the
study diet on an outpatient basis for three days before being admitted on the fourth day of
study diet. Diet success was assessed with 24-hour urinary sodium starting in the AM on the
sixth day of the diet and ending the following morning.
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Medications that would affect blood volume or autonomic function were discontinued for at
least 5 half-lives prior to the study visit, except fludrocortisone, which was discontinued for
at least 5 days prior to the study. Participants were allowed to continue selective serotonin
reuptake inhibitors and birth control (not containing drosperinone) because these do not
interfere with measurements of endothelial function [13, 20, 45]. Two participants with
POTS were on citalopram (an SSRI), one participant with POTS was on oral birth control
(orthotri-cyclen), and two participants had an IUD (one POTS and one HC). Testing of
endothelial function was performed on the sixth day of each diet intervention.

Assessment of Endothelial Function:

Endothelial function was assessed using three different methods to measure NO-mediated
dilatory responses to ischemia. Our primary outcome was brachial artery flow-mediated
dilation (FMD), which assesses conduit artery responses to reactive hyperemia. Reactive
hyperemia, the influx of blood into vasculature following ischemia, increases shear stress,
which triggers the release of NO and facilitates endothelial-dependent vasodilation to
decrease shear stress back to baseline levels [35].

Secondary outcomes were leg blood flow (LBF), which measures resistance vessel
responses to reactive hyperemia in the calf and reactive hyperemia index (RHI), which is an
indicator of microvascular endothelial function in response to ischemia [3, 19].

Flow Mediated Dilation (FMD):

Baseline and peak brachial arterial diameters, measured before and during ischemic reactive
hyperemia, were used to calculate the absolute change (delta FMD; AFMD; peak-baseline
brachial artery diameter) and percent change {percent FMD; FMD%; [(peak-baseline)/
baseline] x 100%}in brachial arterial diameter [32]. Time to peak FMD (in seconds) was
also recorded.

An ultrasound probe was placed over the brachial artery 3-5 cm above the elbow and
baseline arterial diameter was obtained during a 60 second baseline period (iU22; Phillips,
Bothell, WA). After this, a brachial blood pressure cuff was inflated to 50 mmHg above the
subject’s baseline systolic blood pressure distal to the probe for 5 min to induce forearm
ischemia. Following release of the cuff, brachial arterial diameter was continuously
measured for 180 seconds to capture the peak dilatory response to ischemia. Images were
analyzed as previously described. Briefly, an automated brachial wall detection software was
used to determine baseline and peak brachial arterial diameter to limit the effect of
investigator bias (Brachial analyzer 5.0; Medical Imaging Applications LLC, lowa City, 1A)
[32]. In order to maximize the resolution of the brachial artery images for analysis, we did
not simultaneously measure flow throughout the study. This improved the quality of
recordings but prevented us from normalizing FMD% by shear stress.

Leg Blood Flow (LBF):

The percent change in muscle blood flow following ischemia is a measurement of
endothelial function in the resistance vessels [3]. Traditionally the forearm has been the site
of this measurement [3, 6]. In this study, we adapted this method to measure changes in
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blood flow to the calf. Use of the calf rather than the forearm was based on prior work by
Stewart and colleagues, who found that some patients with POTS have reduced blood flow
to the legs [47].

Mercury in-silastic strain gauges were wrapped around the widest circumference of the calf
and inflatable cuffs were placed above and below the strain gauge to prevent venous outflow
from the region of interest and to limit arterial flow to the distal limb [6]. The distal cuff
(around the ankle) was inflated to 200 mmHg and the proximal cuff (two centimeters above
the flexion of the knee) was inflated to ischemic levels for 5 minutes. This was followed by
intermittent rapid inflation (50 mm Hg) and deflation in a 16 second cycle, for the last two
minutes of the measurement. Rapid cuff inflation was achieved using a commercially
available air source (Hokanson EC4, DE; Hokanson Inc, Indianapolis; IN). This method
allows measurement of baseline and peak post-ischemic LBF (mI/200ml/min) and percent
change in LBF {LBF%); [(peak-baseline)/baseline] x 100%}.

Reactive Hyperemia Index (RHI)

Peripheral microvascular endothelial function responses to ischemia in the hand (a partially
NO-mediated response) can be assessed using peripheral artery tonometry (PAT) with an
Endo-PAT device (Endo-PAT 2000, Itamar-Medical, Caesarea; Israel) [2, 5, 37]. In this
method, a probe is placed on a finger of each hand to measure pulse volume by PAT and
ischemia is applied to one of the upper arms using brachial cuff inflation to supra-systolic
pressures. The RHI (a ratio of pulse volume before and after ischemia in the affected limb
that is normalized by measurements in the contralateral arm) indicates peripheral
microvascular endothelial function and is reported in arbitrary units (AU) [3, 5]. The device
also calculated the augmentation index (a ratio of the second to first measured systolic pulse
pressures) as an indicator of arterial stiffness, measured in AU [3].

Statistical Analysis

Our main outcome was the difference in FMD% between diets in the POTS group.
Secondary outcomes were differences in LBF% and RHI between diets in the POTS group,
differences in endothelial function (FMD%, LBF% and RHI) between diets for controls and
differences between POTS and controls on each diet. Because the data were not normally
distributed, we used Wilcoxon signed-rank tests for the primary outcome (differences in
FMD% between HS and LS diets). We also used the Wilcoxon signed-rank test for our
secondary outcomes of differences in LBF% and RHI between diets and differences in
endothelial function between diets for controls. Differences between groups (POTS vs.
controls) were assessed using Mann-Whitney rank-sum tests within each diet. Data were
expressed as mean (SD) unless otherwise noted. Data were stored in a secure Research Data
Capture (REDCap) database housed at Vanderbilt University [21]. Analyses were completed
using Stata/IC 14.2 and figures were generated with GraphPad Prism 8.2.1.

Missing Data

Those who had missing data were included in calculations of group means and Mann-
Whitney rank-sum comparisons of group means. However, for Wilcoxon signed-rank
(matched-pairs) analyses comparing diets, the following numbers of full pairs were used: 11
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POTS and 10 controls for FMD, 12 POTS and 13 controls for LBF. RHI was completed on
both diets for all participants, although the Al was missing for one participant. Missing data
was due to suboptimal quality of data recordings.

Results

Subject Characteristics

We enrolled a total of 27 female participants: 14 patients with POTS and 13 controls. There
were no differences in age [35 (SD 8) vs 31 (SD 6)] or baseline body mass index [22.8 (SD
2.9) vs 23.4 (SD 2.6)] between POTS and controls. All participants were pre-menopausal.

Comparison between Diets: POTS

Weight, supine blood pressure and supine NE levels did not differ between the LS and HS
diets. Supine HR was lower on the HS diet (73 bpm (SD 11) vs 66 (SD 9), p 0.01; Table 1).
As expected, 24-hour urine sodium was increased on the HS diet (16 mmol/24hr (SD 7) vs
235 (SD 42), p 0.001; Table 1). HS diet had no measurable negative effect on endothelial
function of females with POTS in any of the vascular beds assessed. FMD% (conduit artery
function) was similar between LS and HS [11.8% (SD 4.8) vs. 12.8% (SD 3.8); p=0.3; Table
2]. Baseline brachial artery diameter [2.9 mm (SD 0.2) LS vs. 3.0 mm (SD 0.3) HS; p=0.3]
and peak brachial artery diameter [3.2 mm (SD 0.3) LS vs. 3.3 mm (SD 0.3) HS, p=0.2]
were not affected by the HS diet (Table 2). Similarly, average AFMD did not differ between
diets [0.3 mm (SD 0.1) LS vs. 0.4 mm (SD 0.1) HS; p=0.3; Table 2]. HS did not increase the
time to reach peak dilation [47 sec (SD 17) LS vs. 49 sec (SD 15) HS; p=0.9; Table 2].

LBF% (resistance vessel function) did not differ between LS [536% (SD 260)] and HS diets
[375% (SD 154), p=0.1; Table 2]. Baseline [2.6 mI/100ml/min (SD 1.3) vs. 3.2 ml/
100ml/min (SD 2.0); p=0.5] and peak leg blood flow [15.9 mI/100ml/min (SD 8.7) vs. 13.9
ml/100ml/min (SD 7.1); p=0.4] did not vary between LS and HS diets (Table 2). Similarly,
RHI [microvascular function, 2.5 AU (SD 0.6) vs. 2.3 AU (SD 0.5); p=0.3] and arterial
stiffness [7.1 AU (SD 15.3) vs. 7.8 AU (SD 14.8); p=0.7] were not different between LS and
HS diet (Table 2).

Comparison between Diets: Controls

Weight, supine HR and supine SBP did not differ between diets. However, supine NE was
decreased on the HS diet (166 (SD 72) vs 118 (SD 40), p 0.02; Table 1). 24-hour urine
sodium excretion was increased on the HS diet (p 0.002; Table 1). FMD% was similar
between LS [12.8 % (SD 4.5)] and HS [10.6 % (SD 4.7); p=0.1] for controls (Table 2).
Baseline brachial artery diameter [3.1 mm (SD 0.3) vs. 3.1 mm (SD 0.3); p=0.9] and peak
brachial artery diameter [3.5 mm (SD 0.3) vs. 3.4 mm (SD 0.3); p=0.2] were not different
between LS and HS diet (Table 2). Similarly, average AFMD did not differ between LS [0.4
mm (SD 0.1)] and HS diets [0.3 mm (SD 0.1); p=0.1; Table 2]. HS did not lengthen the time
to reach peak dilation [47 sec (SD 21) LS vs. 39 sec (SD 15) HS; p=0.4; Table 2].

LBF% did not differ between LS [408 % (SD 257)] and HS diets [445 % (SD 215): p=0.5;
Table 2]. Baseline [3.0 mI/200ml/min (SD 1.3) vs. 3.2 ml/100ml/min (SD 1.5); p=0.6] and
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peak leg blood flow ([16.3 ml/100ml/min (SD 12.2) vs. 16.3 ml/100ml/min (SD 7.6); p=0.6]
did not vary between LS and HS diets (Table 2). RHI [1.9 AU (SD 0.4) LS vs. 1.8 AU (SD
0.4); p=1.0] and arterial stiffness [-1.0 AU (SD 11.9) vs. 2.3 AU (SD 11.4); p=0.6] were not
different between LS and HS diet (Table 2).

Comparison between Groups: Low Sodium

On the LS diet, supine NE was significantly higher for POTS (247 (SD 94) vs 166 (SD 72)
HC, p 0.03; Table 1). Supine HR and SBP did not differ between groups. POTS and controls
had similar FMD% (p=0.6; Figure 1A) and average AFMD (p=0.2) in response to ischemia
(Table 2). However, baseline brachial artery diameter tended to be lower for POTS (p=0.07)
and peak brachial artery diameter was significantly lower post ischemia than seen in controls
(p=0.05; Table 2). The time to peak FMD did not differ between POTS and controls.

Mean percent change in LBF did not differ between POTS and controls (p=0.2; Figure 1B,
Table 2). Both baseline LBF and peak LBF were similar between groups (p=0.4 and 0.7
respectively; Table 2). RHI was higher for POTS than controls on the LS diet (p<0.01;
Figure 1C, Table 2) while arterial stiffness did not vary between groups (p=0.2; Table 2).

Comparison between Groups: High Sodium

On the HS diet, there were no differences in supine SBP, HR or norepinephrine between
groups. Patients with POTS and controls had similar FMD% (p=0.2; Figure 1A, Table 2)
post ischemia. Baseline brachial artery diameter and peak brachial artery diameter and
average AFMD did not differ between groups (p=0.4, 0.3 and 0.2 respectively; Table 2). The
time to peak FMD tended to be longer for POTS than controls [49 sec (SD 15) vs. 39 sec
(SD 15), p 0.09; Table 2] but did not reach statistical significance.

LBF% was not different between POTS and controls (p=0.7; Figure 1B, Table 2). Baseline
and peak LBF were similar between the two groups on the HS diet (p=0.6 and 0.5
respectively, Table 2). RHI tended to be higher for POTS than controls on the HS diet but
did not reach statistical significance (p=0.06; Figure 1C, Table 2). Arterial stiffness did not
vary between groups (p=0.5; Table 2).

DISCUSSION

The main finding of the present study is that 6 days of high-sodium did not negatively affect
endothelial function in POTS as compared to measurements on a low-sodium diet.

Conduit Artery Vessel Function

We did not find differences in FMD% between LS and HS diets for POTS. Prior studies of
healthy and hypertensive cohorts have demonstrated that a HS diet decreases FMD% in
comparison to measurements on a LS diet [29, 33]. However, Lennon-Edwards et al. found
that the decrease in FMD% was markedly higher for men [29]. We did find a trend toward a
prolonged time-to-peak FMD in POTS on the HS diet, but reassuringly we did not find
differences in brachial arterial diameters or FMD% between diets.

Clin Auton Res. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Smith et al.

Page 8

Although Liao et al found higher FMD% in adolescent POTS than their healthy counterparts
without controlling for diet [30], we did not find differences in FMD% between groups. On
the LS diet, we did find that POTS had a lower peak brachial artery diameter following
reactive hyperemia compared to controls. However, because POTS also tended to have a
lower baseline brachial artery diameter, the lower peak brachial artery diameter did not lead
to a measurable difference in FMD% between groups. Mitchell et al. found that coronary
risk factors were related to the amount of shear stress achieved during FMD measurements,
which they hypothesized may be the actual driving factor for lower observed FMD% in
some populations [35]. It is possible that the patients with POTS did not achieve the same
levels of shear stress on the LS diet, thus leading to a smaller peak brachial artery diameter.

Resistance Artery Vessel Function

A HS diet did not worsen LBF% in POTS either. Because prior studies have demonstrated
that some patients with POTS have diminished blood flow to the legs accompanied by
reduced endothelial function, we measured resistance artery function in the leg vessels as
opposed to the traditional forearm site [46, 47]. We did not find differences in baseline LBF
between groups prior to ischemia, perhaps indicating that we did not enroll any “low flow”
POTS in this study [46, 47]. Consistent with past findings that forearm blood flow does not
differ between HS and LS diets for hypertensives or normotensives, this study showed that a
six-day HS diet does not have a negative impact on LBF in POTS or controls [10, 22].

Microvascular Function

Pulsatile arterial tonometry has been hailed as a simple and non-invasive method to measure
endothelial function [2, 5, 36]. Additionally, it has been shown that the measurement can be
reliably repeated [34]. An RHI cut-off value of 1.67 AU has commonly been used to indicate
endothelial dysfunction [25, 36, 49].The mean RHI was above this cut-off in both groups on
each study diet (Figure 1C). Interestingly only one POTS patient had an RHI less than 1.67
AU (LS visit), while seven controls had an RHI less than 1.67 AU (six at the LS visit and
four at the HS visit). However, this isolated finding among otherwise healthy individuals in
our study (with no indication of endothelial dysfunction detected with FMD% or LBF%)
makes us hesitate to conclude there is endothelial dysfunction present in this healthy
population. There is conflicting data on the use of RHI as a replacement for FMD to
determine endothelial function. In some studies, there is a good correlation between Endopat
and FMD while in others, there is no such correlation (such as Allan and colleagues’ study
of healthy controls and adults with PAD) [1, 27]. Additionally, one study of young adults
(ages 18 to 30) found that 47% had an RHI less than 1.67, calling into question the validity
of that cut-off as an indicator of endothelial dysfunction in younger participants [38].

To complicate things further, we are measuring RHI during salt loading, which can produce
changes in sympathetic activity and could result in alterations in microcirculation and
therefore RHI [48]. Although RHI did not differ significantly within groups between LS and
HS visits we did note differences between POTS and controls. The reason behind why POTS
had higher RHI values than controls on the low salt diet (and tended to have higher values on
the HS diet) is not clear to us. Microcirculatory responses to hyperemia are only partially
driven by nitric oxide or the endothelium, so differences between POTS and controls could
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be driven by different responses to salt unloading or differences in the dominance of non-
endothelial dependent mechanisms between the groups [37, 41]. Although it has been shown
that a single HS meal does not have an acute effect on RHI in healthy adults, this study adds
to our knowledge of the impact of sub-acute HS diets on RHI by demonstrating the RHI did
not differ between diets for either POTS or controls [8].

Effect on Blood Pressure and Heart Rate

Limitations

A Cochrane review of salt-reduction interventions has found that a low-sodium diet
consistently increases NE levels (as compared to a normal salt diet) although blood pressure
lowering effects are minimal in normotensives [16]. We found that NE levels were
significantly higher for POTS than controls on the LS diet but differences between groups
were not measured on the HS diet.

We did not find that the diet had any measurable effect on supine systolic blood pressure.
Perhaps this is because our participants were normotensives, a group which often sees
minimal reductions in blood pressure on a LS diet [16]. Another explanation for the lack of a
measurable effect on blood pressure is the duration of the study. A 2017 study looking at the
effect of salt reduction in a typical American diet found that the blood pressure lowering
effects accumulated over the four-week study period [26]. A 2020 meta-analysis of sodium
reduction did not find a relationship between the duration of diet and blood pressure
changes, although they did caution that studies with short-term diets may underestimate the
true impact of low-sodium diet on blood pressure [24]. Perhaps the short duration of the
study diet may explain why our participants did not experience significant blood pressure
reduction on the LS diet.

A prior meta-analysis found that dietary salt reduction causes modest increases in heart rate
[17]. In our study, we did find that HR was significantly higher on the LS diet for POTS but
did not find a change between diets for the HC. These findings seem to indicate that POTS
are more sensitive to the negative effects of sodium restriction (increased NE levels and HR).

Patients with POTS are a heterogenous group, which may explain why we were unable to
replicate the endothelial dysfunction that Stewart et al. have found in their “low flow’ POTS
[47]. Although we did not measure MSNA in this study, NE was higher for POTS than HC
on the LS diet, which may indicate that POTS experience increased sympathetic activity
compared to controls when sodium is restricted. Given prior literature showing that sodium
has a greater effect on FMD% in males, sex may have contributed to the absence of
differences in FMD% following the study diets [29]. Because simultaneous measurement of
blood flow would affect the resolution of diameter imaging during FMD, we did not
measure brachial artery blood flow during hyperemia. This limits our understanding of the
effects of diet on blood flow and shear stress. An additional limitation is that the study was
completed after only six days of the study diets. We have not measured endothelial function
before and after a long-term HS diet or compared endothelial function between normal and
HS diets. It is possible that prolonged HS diets might have different effects than measured in
this six-day study. In clinical settings, we typically recommend that patients with POTS

Clin Auton Res. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Smith et al.

Page 10

consume ~ 200 mEq of sodium daily [14, 44]. In this study, the HS diet was more extreme
than that recommended to patients, and further research should be done to assess endothelial
function with a more attainable daily sodium intake.

Conclusion

In conclusion, we found that a HS diet did not negatively impact endothelial function in
patients with POTS. Although the effects of a HS diet still need to be studied in the long-
term, this study may help to minimize concerns among clinicians or patients with POTS that
a HS diet could contribute to long-term cardiac risk due to sodium-related endothelial
dysfunction.
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Figure 1. Effect of Low- and High-Sodium Diets on Endothelial Function
Percent change in Flow Mediated Dilation (FMD, %; Panel a), Leg Blood Flow (% LBF /

min; Panel b) and Reactive Hyperemia Index (RHI; Panel ¢) on Low Sodium (LS) and High
Sodium (HS) diets for POTS and controls (HC). Values are expressed as means with error
bars indicating the SEM. Differences between diets were assessed using Mann Whitney
Rank-Sum and differences between groups were assessed using Wilcoxon Sign-rank.* P <
0.01 for difference between POTS and controls on the LS diet.
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Table 1.

Effect of Low and High-sodium Diet on Weight, Blood Pressure and Labs

Page 15

POTS Healthy Controls
Measurements Low Sodium  High Sodium  p-yalue between Low Sodium  High Sodium  p-value between
o1 .1
Mean SD Mean SD Diets Mean SD Mean SD Diets
Weight Day 6 (kg) 63 8 63 8 0.8 61 7 62 8 0.07
Supine Heart Rate, bpm 73 11 66 9 0.01 66 10 64 12 0.15
Supine Systolic Blood
Pressure, mmHg 104 8 107 10 0.5 107 7 108 10 0.6
Supine Norepinephrine, pg/mL ~ 247* 94 195 123 0.08 166 72 118 40 0.02
24-hour Urine Sodium, 6 7 25 42 <001 18 8 203 61 <0.01

mmol/24 hr

'Z'p value between low and high-sodium diets calculated with Wilcoxon Sign-rank

*
p-value < 0.05 between POTS and HC on LS diet, calculated with Mann-Whitney Rank-sum
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Table 2.
Differences in Endothelial Function Between Diets and Groups
POTS Healthy Controls
Measurements Low Sodium High Sodium P-value Low Sodium High Sodium P-value
between between
N Mean SD N Mean SD Dietst N Mean SD N Mean SD Dietst
Baseline Brachial
Artery Diameter, mm 13 29 02 12 3.0 0.3 0.3 10 3.1 03 13 31 0.3 0.9
Peak Brachial Artery *
Diameter, mm 13 32 03 12 3.3 0.3 0.2 10 35 03 13 34 0.3 0.2
Absolute Change
Flow Mediated 13 0.3 01 12 0.4 0.1 0.3 10 0.4 01 13 0.3 0.1 0.1
Dilation, mm
Percent Flow
Mediated Dilation 13 11.8 4.8 12 12.8 3.8 0.3 10 12.8 45 13 10.6 4.7 0.1
Time to Peak
Brachial Arter 13 47 17 12 49 15 0.9 10 47 21 13 39 15 0.4
y
Diameter, sec
Baseline Calf Blood
Flow, m1/100ml/min 14 2.6 13 12 3.2 2.0 0.5 13 3 13 13 3.2 15 0.6
Peak Calf Blood
Flow, m1/100ml/min 14 159 8.7 12 13.9 7.1 0.4 13 16.3 122 13 163 7.6 0.6
Percent Change Calf
Blood Elow 14 536 261 12 375 154 0.1 13 408 257 13 445 215 0.5
Reactive Hyperemia *
Index, A.U. 14 25 06 14 2.3 0.5 0.3 13 1.9 04 13 1.8 0.4 1.0
ﬁ”gme”ta“o” Index, 4 71 153 14 78 148 0.7 12 -10 119 13 23 114 06

p value between low and high-sodium diets calculated with Wilcoxon Sign-rank

*
p-value < 0.05 between POTS and HC on LS diet, calculated with Mann-Whitney Rank-sum
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