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Abstract
Whole Body Periodic Acceleration (WBPA, pGz), is a bed that moves the body 
headward to forward, adds pulses to the circulation inducing descent of the di-
crotic notch (DN) on the pulse waveform with an increase in a/b ratio (a = the 
height of the pulse waveform and b = the height of the secondary wave). Since 
the WBPA is large, heavy, and non-portable, we engineered a portable device 
(Jogging Device, JD). JD simulates passive jogging and introduces pulsations to 
the circulation. We hypothesized that JD would increase the a/b ratio during 
and after its use. In Study A, a single-arm placebo-controlled cross-over trial was 
conducted in24 adults (53.8 ± 14.4 years) using JD or control (CONT) for 30 min. 
Blood pressure (BPs and BPd) and photoplethysmograph pulse (a/b) were meas-
ured at baseline (BL), during 30 min of JD or CONT, and 5 and 60 min after. In 
Study B (n = 20, 52.2 ± 7 years), a single-arm observational trial of 7 consecutive 
days of JD on BP and a/b, measured at BL, and after 7 days of JD and 48 and 72 hr 
after its discontinuation. In Study A, BPs, and BPd decreased during JD by 13% 
and 16%, respectively, while in CONT both increased by 2% and 2.5%, respec-
tively. The a/b increased by 2-fold and remained greater than 2-fold at all-time 
points, with no change in a/b during CONT. In Study B, BPs and BPd decreased 
by 9% and remained below BL, at 72 hr after discontinuation of JD. DN descent 
also occurred after 7 days of JD with a/b increase of 80% and remained elevated by 
60% for at least 72 h. JD improves acute and longer-term vascular hemodynamics 
with an increase in a/b, consistent with increased effects of nitric oxide (NO). JD 
may have significant clinical and public health implications.
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1   |   INTRODUCTION

One of the most important benefits of exercise for health 
and disease is the increase in nitric oxide (NO) bioavail-
ability (Adams & Linke, 2019; Green et al., 2004; Nosarev 
et al.,  2014; Schuler et al.,  2013). Exercise increases NO 
bioavailability through pulsatile shear stress-induced 
phosphorylation (activation) of endothelial nitric oxide 
synthase (eNOS) (Balligand et al., 2009; Green et al., 2004; 
Hambrecht et al., 2003; Park et al., 2019; Tran et al., 2022; 
Zhang et al., 2009). NO generated from eNOS has vasodi-
lator, anti-atherosclerotic, anti-inflammatory, angiogenic 
and metabolic actions (Bahadoran et al.,  2020; Farah 
et al., 2018; Tenopoulou & Doulias, 2020). We have pre-
viously shown that a passive exercise device, Whole Body 
Periodic Acceleration (WBPA), performed with a motion 
platform, which moves the supine body headward to foot-
ward (frequency of 120–140 cycles per minute and acceler-
ation of ±0.5 m/s2 in the Z plane) induces pulsatile shear 
stress in the endothelium, increasing NO (Rokutanda 
et al.,  2011; Sackner et al.,  2005a; Sackner et al.,  2005b; 
Uryash et al., 2009; Wu et al., 2012). We have also validated 
a pulse waveform analysis method to correlate the descent 
of the dicrotic notch (DN) with vasodilatation related to 
an increase in the expression of NO and eNOS in anesthe-
tized rats (Uryash et al., 2009). The WBPA is large (size of a 
single bed), heavy and non-portable, therefore, a portable 
predicate device (Gentle Jogger, a.k.a. The Jogging Device 
(JD), Sackner Wellness Products LLC, Miami Fl, USA) 
which weighs less than 20 lbs (10  kg), was engineered 
to deliver pulsatile shear stress in seated and supine pos-
tures. The JD is a low-risk wellness device that meets the 
requirements of the Food and Drug Administration (FDA) 
as such [General Wellness: Policy for Low-Risk Devices 
Guidance for Industry and Food and Drug Administration 
Staff, September 27, 2019]. We tested the ability of JD to 
increase the descent of the dicrotic notch using our previ-
ously validated pulse waveform analysis method.

The dicrotic notch or wave of the digital pulse down 
the diastolic limb reflects the vasodilator actions of NO 
on resistance vessels due to delay in the reflection of the 
pulse wave. The latter has been shown with endothelial-
independent preparations of organic nitrates, as well as 
with endothelial-dependent agents such as albuterol and 
terbutaline, ß–adrenergic agents that work via the NO 
pathway (Klemsdal et al.,  1994; Nier et al.,  2001; Nier 
et al.,  2008; Weinberg, Habens, Kengatharan, Barnes, & 
Matz,  2001; Weinberg, Habens, Kengatharan, Barnes, 
Matz, Anggard, & Carrier,  2001). We have previously 
shown that 10  min of JD acutely increases NO (Adams 
et al., 2021). In this study, we hypothesized that JD would 
acutely increase the descent of the dicrotic notch in a 
time-dependent manner during and after its use.

2   |   METHODS

2.1  |  IRB approval for simulated passive 
jogging device & NO

These investigations and their informed consents were 
approved by the Western Institutional Review Board 
(WIRB), Study Numbers: 11172318, GJHP03122018 and 
WIRBs: 20170208374, 20180772 (WIRB, Puyallup, WA 
98374–2115). Trials were registered on Clini​calTr​ials.
gov (NCT03426774 and NCT03550105). These studies 
are a subunit of two larger protocols in which multiple 
postures and glycemic effects of JD were investigated. 
There were two parts in the present study; Study A) 
Acute effects of JD on blood pressure and position of 
DN, Study B) Effects of 7 day use of JD (at least three 
times per day for 30 min for 7 days) on blood pressure 
and position of DN. Study A was designed as a single-
arm placebo controlled cross-over trial, in seated pos-
ture, with each subject serving as his or her own control 
(Figure  S1 and S2). Study B was also a subunit of a 
larger observational study in which 20 subjects partici-
pated in a longer-term use of JD and the effects of JD 
were measured on blood pressure and DN. (Figure  S3 
and S4) The Consolidated Standards of Reporting Trials 
(CONSORT) Checklist is found in Supplemental data 
file (Supplemental data).

2.2  |  Participants

Study A (Acute Effects of JD on Blood Pressure and DN 
position); Twenty-four ambulatory individuals consisting 
of 15 women and 9 men were recruited for this study by 
word of mouth and gave their informed consent to par-
ticipate. Their mean age was 53.7 SD 14.4 years and mean 
BMI of 28.0, SD 4.3. They fasted for at least 8 h and were 
asked not to drink coffee the day before their participa-
tion. The BMI was computed to characterize participants 
as follows: BMI normal weight 18.5–24.9, overweight 
25–29.9 and obese 30 or more. Four women had normal 
BMI, four were overweight, and seven were obese. For 
men, two had a normal BMI, five were overweight, and 
two were obese. The studies were carried out in the morn-
ing (Table 1). Study B (Effects of 7 day use of JD on blood 
pressure and DN position); This study recruited a separate 
cohort of volunteers (n = 20) with characteristics similar 
to those of Study A. Their mean age was 52.2, SD 17 years 
and mean BMI 27.2, SD 4. Four women had a normal BMI, 
five were overweight and three were obese. For men, one 
had a normal BMI, five were overweight, and two were 
obese. These studies were also carried out in the morning 
(Table 2).

http://clinicaltrials.gov
http://clinicaltrials.gov
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2.3  |  Jogging device (JD)

JD has been described in previous publications (Adams 
et al., 2018; Adams et al., 2020; Sackner & Adams, 2017; 
Sackner et al.,  2019). It incorporates a microprocessor 
controlled DC motor, which produces movements of foot 
pedals placed within a chassis to repetitively tap against a 
semi-rigid surface for effortless simulation of locomotion 
while the subject is seated or lying in bed. Each time the 
moving foot pedals hit the bumper, a small pulse is added 
to the circulation as a function of the pedal speed, which 
in the current study was set to ~190 steps in place (Sackner 
et al., 2019). The latter rate is close to the intermittent tap 

range between 220 and 290 taps/min of voluntary fidg-
eting that improve endothelial dysfunction, as reflected 
by increased flow-mediated vasodilation (Morishima 
et al., 2016).

2.4  |  Procedures

Study subjects provided their informed consent and were 
asked to return on a separate day between 8 and 10 am. 
They were asked not to drink coffee and remain noth-
ing by mouth (NPO) since midnight the previous day of 
the study. Study A (Acute effects of JD on blood pressure 

T A B L E  1   Participant's characteristics study A; acute effects of JD on blood pressure and DN position

Subject No Gender
Age Range 
(years) BMI (Kg/mt2) BMI Status HTN Status Medications

1 M 50–55 27.8 OV G 2–3 Metoprolol/Metformin/
Losartan

2 F 45–50 30.3 OB HNL Lisinopril/Metformin/
Levothyroxine

3 F 47–52 31.4 OB HNL

4 F 36–41 32.3 OB NL

5 F 47–52 29.1 OV NL

6 M 26–31 29.8 OV G 2–3

7 F 40–45 20.9 NL NL

8 F 26–31 20.5 NL NL

9 F 33–38 23.2 NL NL

10 F 39–44 33.5 OB G 2–3

11 F 42–47 35.4 OB G 2–3

12 M 23–28 19 NL NL

13 F 42–47 30 OB NL

14 M 55–60 29.3 OV G 2–3

15 M 63–68 30.7 OB HNL

16 F 85–88 31.1 OB G 1 Atenolol/Amlodipine

17 M 56–61 24 NL G 2–3 Metoprolol

18 F 56–61 29.6 OV HNL Lisinopril/Insulin

19 F 59–64 27.2 OV G 1 Lisinopril/Metformin

20 F 63–68 23.2 NL G 2–3 Atenolol/Amlodipine

21 F 64–69 28.9 OV G 2–3

22 M 63–68 32.1 OB G2-3 Atenolol

23 M 58–63 25.8 OV G 2–3 Atenolol

24 M 55–60 28.2 OV NL

Mean ± SD 53.8 ± 14.4 28 ± 4.3 6 = NL, 9 = OV, 
9 = OB

8 = N, 4 = HNL, 
1 = G1, 
11 = G2-3

Notes: Participant's Characteristics of Study A; Gender (M = male, F = Female), Age Range in years, body mass index (BMI), BMI Status; BMI normal weight 
BMI 18.5–24.9 (NL), overweight 25–22.9 (OV) and obese 30 or more (OB). The initial blood pressure status (HTN) at the beginning of the study was classified 
according to the 2021 European guidelines (Stergiou et al., 2021) Normal optimal BP (NL <130/85 mmHg), High-normal BP (HNL, 130–139/85–89 mmHg), 
Hypertension grade 1 (G1, 140–159/90–99 mmHg), Hypertension grade 2 and 3 (G2-3, ≥160/100 mmHg) and medications used at the time of enrollment
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and DN position); On day 1 of the study, the subject was 
randomized to receive 30 min of JD or CONT using a 
random choice computer generator [https://www.gigac​
alcul​ator.com/rando​mizer​s/rando​m-choic​e-gener​ator.
php]. The subjects were seated in a padded chair and a 
continuous non-invasive arterial pressure monitoring 
device (CNAP, CNSystems, Medizintechnik AG, Graz, 
Austria), a commercially available system composed of 
CNAP Monitor 500, the CNAP double finger cuff and 
the CNAP controller, which was attached to the subject's 
right forearm. CNAP is based on the principle of vascu-
lar unloading technique; the device was placed on the 
right arm. An infrared finger clip photoplethysmograph 
(MLT1020FC, ADI instruments, Colorado Springs, CO 
80906) was placed on the contralateral index finger. The 
data acquisition of the CNAP device and the pulse wave-
form started after 10 min of the subject sitting quietly in a 
dim light room. The JD was used at (f = 190 steps in place) 

in seated posture and continued for 30 min; the CONT 
condition involved sitting in the same location with feet 
on the JD also for 30 min, but the latter was not turned on. 
Subjects randomized to JD on day 1, received the CONT 
intervention on day 3, and those randomized to CONT on 
day 1 received JD on day 3, therefore, each subject served 
as their own control (Figure  S1). In Study B (Effects of 
7 day use of JD on blood pressure and DN position); on 
day 1 of the study, subjects were also seated in a padded 
chair and continuous non-invasive arterial pressure and 
plethysmographic pulse waveform were measured in the 
same manner as previously described. The subjects were 
instructed on home use of JD consisting of at least three 
times per day for 30 minutes duration (approximately 190 
pedal steps in place per minute, more than 10,000 pedal 
steps in place per day in 1 h). To verify compliance with 
JD use, they were asked to take pictures of the JD monitor-
ing screen daily with a loaned iPhone and to deliver the 

T A B L E  2   Participant's characteristics study B; effects of 7 day use of JD on blood pressure and DN position

Subject No Gender
Age Range 
(years)

BMI (Kg/
mt2) BMI Status HTN Status Medications

1 F 35–45 32.3 OB NL

2 F 35–45 20.9 NL NL

3 M 60–70 30.7 OB HNL

4 F 75–85 31.1 OB G 1 Atenolol/
Amlodipine

5 M 60–70 32.1 OB G 2 Atenolol

6 F 60–70 29.6 OV HNL Lisinopril/
Insulin

7 M 50–60 29.3 OV G 2

8 F 60–70 23.2 NL G 2

9 F 60–70 28.9 OV G 2

10 M 55–65 25.8 OV NL

11 M 60–65 28.9 OV G 1

12 M 30–35 27.5 OV NL

13 F 50–55 31.8 OB G 1

14 F 30–35 18.5 NL HNL

15 F 25–30 22.9 NL NL

16 M 30–35 20.3 NL G 1

17 F 25–30 28.2 OV HNL Lisinopril/
Metformin

18 M 60–65 29.6 OV G 1

19 F 40–45 25.4 OV G1

20 F 45–50 26.7 OV G1

Mean ± SD 52.2 ± 17 27.2 ± 4 8 = OB, 5 = NL, 
7 = OV

4 = NL, 4 = HNL,
7 = G1, 5 = G 2

Notes: Characteristics of the participant for study B; sex (M = male, F = female), age range in years, body mass index (BMI), BMI Status; BMI normal weight 
BMI 18.5–24.9 (NL), overweight 25–22.9 (OV) and obese 30 or more (OB). The initial blood pressure status (HTN) at the beginning of the study was classified 
according to the 2021 European guidelines (Stergiou et al., 2021) Normal optimal BP (NL < 130/85 mmHg), High-normal BP (HNL, 130–139/85–89 mmHg), 
Hypertension grade 1 (G1,140–159/90–99 mmHg), Hypertension grade 2 and 3 (G2-3, ≥160/100 mmHg) and medications used at the time of enrollment.

https://www.gigacalculator.com/randomizers/random-choice-generator.php
https://www.gigacalculator.com/randomizers/random-choice-generator.php
https://www.gigacalculator.com/randomizers/random-choice-generator.php
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iPhone to the study coordinator. To replicate real-world 
behavior, subjects were told to continue their current 
schedule, diet, and physical activity. Subjects returned JD 
after 7 days (JD7), continuous non-invasive arterial pres-
sure and plethysmographic pulse waveform were meas-
ured as previously described, and the measurements were 
repeated 48 and 72 h (REC 48, REC 72) after cessation of 
JD (Figure  S3). Neither of the studies could be blinded 
since the use of the JD device is obvious.

2.5  |  Statistical analysis

Data analysis was performed using Statistica (Statsoft, 
Tulsa, Ok). Comparison between groups and time for 
changes in blood pressure, heart rate, and DN were per-
formed using a two-way repeated measures analysis of 
variance (ANOVA), with post hoc analysis using Tukey 
honestly significant difference (HSD). The sample size cal-
culation for Study A, was performed using our previously 
published data; for a 100% increase in a/b with a type I 
error of 0.05, and a power of 95%, the required sample size 
is 18 subjects. A post hoc power analysis using the data 
from the current study based on a/b with the probability 
of a type I error of 0.05, is 98.3%. The size of the effect of 
JD on a/b was calculated using Cohen's d. (Hutcheson & 
Griffith, 1991) Data are expressed as mean and standard 
error of the mean (SEM) with statistical significance at 
p < 0.01, unless otherwise indicated.

2.6  |  Dicrotic notch data processing

Data were continuously collected from the CNAP device 
and finger plethysmograph on an eight channel Power 
Lab (ADI instruments, Colorado Springs, CO 80906) 
connected to a PC, at a sampling rate of 1000 points per 
second. The method to analyze blood pressure data was 
previously reported (Sackner et al.,  2019). The digital 
pulse waveform of the plethysmograph was analyzed 
using Lab Chart 7 software (ADI instruments, Colorado 
Springs, CO 80906). The change in the position of the 
DN or wave is computed by measuring the amplitude 
of the digital pulse wave (a) divided by the height of the 
dicrotic notch or wave above the end diastolic level (b), 
the ratio of a/b. In this study, the DN instead of the di-
chroic wave was utilized to compute the a/b ratio. To aid 
in the detection of the DN, the second derivative of the 
pulse wave and the peak of the largest upward deflection 
in diastole were taken as the point of DN. Twenty pulse 
waveforms per time interval were averaged to obtain the 
average positions of a and b. Five-minute epochs were 
analyzed for blood pressure and a/b measurements. In 

Study A, measurements were obtained at baseline (BL) 
and after 5, 10, 20, 30, 35, 60 min (T5,T10, T20, T30,) and 
5 and 60 min after completion of JD or CONT (Recovery, 
REC 5, 60) (Figure  S1). In Study B, measurements of 
blood pressure and a/b were obtained at BL (prior to 

F I G U R E  1   The Acute Effects of JD on Blood Pressure and 
Dicrotic Notch Position (a/b). Effects of JD on systolic blood 
pressure (mmHg) (Panel A), diastolic blood pressure (mmHg) 
(Panel B), and descent of the dicrotic notch (a/b). Data are mean, 
and standard error of the mean. There was a statistically significant 
decrease compared to BL in both BPs, BPd and a significant 
increase in a / b (ap < 0.001 JD vs. BL; bp <0.001 CONT vs. BL; 
cp < 0.001 CONT vs. JD).
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starting JD), after 7 days of JD (JD7) and after 48 and 
72 h of discontinuation of JD (Recovery, REC 48, 72) 
(Figure S3).

3   |   RESULTS

3.1  |  Study A: Acute effects of JD on 
blood pressure and position of DN

Heart rate. Heart rate remained unchanged during con-
trol and the use of JD.

Blood pressure. In Study A, there was a signifi-
cant decrease in both systolic and diastolic blood pres-
sures (BPs, BPd) from BL during and after JD use. At 
its nadir, systolic blood pressure decreased by 21 mmHg 
in REC5 and similarly diastolic blood pressure also de-
creased by 19 mmHg in REC5. Systolic and diastolic 
blood pressures decreased significantly from BL from 
T30 to 60 min after discontinuation of JD. On average, 
systolic BP decreased approximately 12% and diastolic 
17% from BL values (Table 3 and Figure 1). In contrast, 
during CONT condition both systolic and diastolic blood 
pressure increased on average by 4 mmHg. There were 
no statistically significant correlations between age and 
BPs, BPd or a/b ratio.

In Study A, a/b increased significantly from BL during 
JD use and up to 60 min after discontinuation of JD (REC 
60) (Table  3 and Figure  1). Seventy-nine percent of all 
participants had an increase in a/b from BL to REC 60 of 
greater than 50% (Table S1 and Figure S5 panel A). During 
the control condition, a/b was unchanged over time.

There were no significant differences in systolic, di-
astolic pressures, a/b, or change from baseline in these, 
between male or female participants. Furthermore, when 

the study population was arbitrarily stratified into younger 
(<60 years age) or older (>60 years age), there was also no 
difference in the effects of JD on blood pressure or a/b be-
tween these two age groups.

3.2  |  Effects of 7-day use of JD on blood 
pressure and DN position

Heart rate. Heart rate remained unchanged from BL 
after 7 days of JD and REC 48 and 72 h.

Blood pressure. In Study B, BPs decreased from BL on 
average 15 mmHg after 7 days of JD (JD7) and remained 
lower than BL by 14 mmHg, 72 h after discontinuation of 
JD. Similarly, BPd also decreased from BL on average of 
9 mmHg at JD7 and remained lower than BL by 9 mmHg, 
72 h after discontinuation of JD (REC 72) (Table  4 and 
Figure 2).

a/b ratio. In Study B, a/b significantly increased from 
BL after 7 days of JD by 82%, and remained increased by 
63% at REC 72 (Table 4 and Figure 2).

3.3  |  Effect size of JD on a/b

In Study A, 79% of the study participants had a greater 
than 50% change in a/b after 30 min of JD use (Table S1, 
S2 and Figure S5 panel A). In Study B, 85% of the study 
participants had a greater than 50% change in a/b after 
7 days of JD (JD7) (Table S1, S3 and Figure S5 panel B). 
Additionally, the effect size of JD on a/b for both stud-
ies was calculated at all study periods using Cohen's 
d, with values that ranged from 1.17 to 1.63. A value 
greater than or equal to 0.8 denotes a large effect size 
(Table S4).

BL JD7 REC 48 REC 72

Heart rate (BPM/) 64 (1.8) 64 (2) 64 (1.8) 63 (1.8)

BPs (mmHg) 147 (3.3) 132 (3.3)a 134 (2.7)a 133 (3.1)a

BPd (mmHg) 94 (3.3) 85 (2.7)a 86 (2.7)a 85 (2.4)a

a/b 2.3 (0.7) 4.0 (1.3)a 3.8 (1.3)a 3.6 (1.3)a

Percent change baseline (%)

BPs 0 −10.3 (0.9)a −8.6 (0.6)a −9.5 (0.9)a

BPd 0 −9.2 (1.4)a −8.5 (1.6)a −9.7 (1.7)a

a/b 0 82.4 (11.1)a 73.9 (11.7)a 63.2 (12.5)a

Notes: In Study B, Hemodynamic variables; heart rate (BPM), blood pressure systolic and diastolic (BPs, 
BPd) and a/b. At baseline (BL) and after 7 days of daily use of JD (at least 3 times per day for 30 min, 
JD7), and 48 and 72 h after discontinuation of JD (REC48, REC72) (Figure S3). Statistical comparison was 
performed between BL and JD7, REC 48, and REC 72. Data expressed as mean and standard error of the 
mean (±SEM). Compared to BL there was a statistically significant decrease in both absolute and percent 
change in both BPs, BPd and a significant increase in a / b (ap < 0.001 BL vs. JD7, REC 48, REC 72).

T A B L E  4   Hemodynamics and a/b 
for Study B; effects of 7 day use of JD on 
blood pressure and DN position group
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4   |   DISCUSSION

In large part, the beneficial health effects of JD relate to its 
increase in pulsatile endothelial shear stress (friction) as 
found for its predicate device, the motion platform (Whole 
Body Periodic Acceleration,WBPA aka pGz) (Uryash 
et al., 2009). JD was based on pioneering experiments in a 
perfused isolated blood vessel by Hutcheson and Griffith 

(Hutcheson & Griffith,  1991). They found that NO was 
released from the endothelium of perfused blood vessels 
from pulses delivered of 2 mmHg with a peak response be-
tween 250 and 360 pulses per minute. We have confirmed 
observations in isolated blood vessel experiments (Uryash 
et al.,  2009; Uryash et al.,  2015; Wu et al.,  2012) and 
whole animal experiments (Hoeksel et al., 1997; Uryash 
et al.,  2009; Weinberg, Habens, Kengatharan, Barnes, 
Matz, Anggard, & Carrier, 2001) that pulsatile shear stress 
on the vascular endothelium induces NO production by 
endothelial nitric oxide synthase (eNOS). The increase in 
NO explained vasodilation (Uryash et al., 2015). We have 
also shown that pulsatile shear stress upregulates eNOS 
and induces phosphorylation and activation of eNOS 
(Uryash et al., 2015; Wu et al., 2012). The use of the a/b 
ratio as a surrogate for changes in NO has been shown 
by others (Hoeksel et al.,  1997; Klemsdal et al.,  1994; 
Millasseau,  2003; Nier et al.,  2001; Nier et al.,  2008; 
Weinberg, Habens, Kengatharan, Barnes, Matz, Anggard, 
& Carrier, 2001) and in human subjects using the predi-
cate device WBPA (Fujita et al., 2005; Sackner et al., 2005a; 
Sackner et al., 2005b). In the current study, we show that 
JD increases the a/b ratio, and thus NO, within the first 
5  min of JD operation and continues for at least 60 min 
after discontinuation of JD. The characteristics of the 
response curve over time suggest that an acute increase 
in NO (within 5  min) is followed by sustained release, 
which persists for at least 60 min after discontinuation. 
Furthermore, we have confirmed that continued use of 
JD for 7 days (at least three times a day for 30 min) also 
increases NO compared to baseline values for at least 72 h 
after stopping JD. These data are consistent with our previ-
ously reported studies in mice using the WBPA predicate 
device. The latter showed that a single one-hour session 
of WBPA increases eNOS phosphorylation, and daily use 
of WBPA induces up-regulation of eNOS mRNA (Uryash 
et al., 2015).

The mechanics of JD are more akin to passive leg 
movement than to external compression or active exer-
cise. Investigators have used passive leg movement as 
a means of increasing vascular shear stress and have 
shown a nearly three-fold increase in NO-dependent 
blood flow (Broxterman et al.,  2017; Groot et al.,  2015; 
Mortensen et al., 2012), along with increased genomic ex-
pression of eNOS (Hellsten et al., 2008; Hoier et al., 2010; 
Trinity et al.,  2015) and have further advocated for the 
use of passive leg movement as an approach to assess 
NO-mediated vascular function (Trinity et al.,  2012). 
Experiments carried out by Trinity et al. using passive leg 
movement (PLM, 60 cycles/min for 1 min) or single PLM 
(sPLM, 1  s) in young healthy volunteer males showed 
that the predominant endothelial-dependent pathway 
(60%–80%) involved in the hyperemic response to both 

F I G U R E  2   The Effects of 7 days of JD on Systolic and Diastolic 
Blood Pressure and Dicrotic Notch Descent (a/b). Effects of 7 days 
of JD use on systolic blood pressure (mmHg) (Panel A), diastolic 
blood pressure (mmHg) (panel B) and the descent of the dicrotic 
notch (a/b), at baseline (BL), and 7 days of JD (JD7) and 48 and 
72 h after discontinuation of JD (REC 48, REC 72) Data are 
individual subjects, mean and standard error of the mean. There is 
a statistically significant effect of the JD at all time points compared 
to BL. ap < 0.001 BL vs. JD7, REC 48, REC72.
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PLM and sPLM is NO-mediated. Furthermore, phar-
macological blockade of other endothelial dependent 
pathways such as prostaglandins (PG) and endothelial-
derived hyperpolarizing factor (EDHF) does not further 
reduce the hyperemic response of PLM compared to NO 
inhibition alone, and therefore endothelial independent 
pathways may be operative in the hyperemic response 
(Trinity et al., 2021).

Genetic and epidemiological studies indicate that defi-
ciencies in NO synthesis and bioavailability derived from 
eNOS are central to the pathogenesis of hypertension, 
reduced cardiac and endothelial cell function, and meta-
bolic disorders (Emdin et al., 2018; Erdmann et al., 2013; 
Johnstone et al.,  1993; Monti et al.,  2003; Oemar 
et al.,  1998; Petrie et al.,  1996; Sansbury et al.,  2012). 
Furthermore, a genetic predisposition to enhanced NO 
signaling offers protection against cardiovascular diseases. 
As reviewed by Lundberg et al. (Lundberg et al.,  2015) 
interventions that restore NO have been associated with 
improved cardiovascular and metabolic health. Therefore, 
the clinical implications of our findings are important, 
as we can achieve a noninvasive, nonpharmacological 
increase in NO, which, in addition to improved vascu-
lar hemodynamics, can also have a multitude of bene-
ficial effects on the cardiovascular and central nervous 
system (Ashor et al., 2015; da Luz & Latini, 2020; Gertz 
et al., 2006; Katusic & Austin, 2016; Marino et al., 2021; 
Paillard et al., 2015; Zhang & Gao, 2021), as well as being 
integral to intracellular function, adaptation and signaling 
(Daiber et al., 2019; Forstermann & Li, 2011; Forstermann 
& Sessa, 2012; Gantner et al., 2020; Ghimire et al., 2017; 
Hsieh et al.,  2014; Muzorewa et al.,  2021; Poderoso 
et al., 2019; Vanhoutte, 2018).

4.1  |  Cardioprotective effects of 
increasing NO

In the cardiovascular system, previous studies have 
shown the beneficial effects of JD on sedentary-induced 
elevated blood pressure. In normotensive and hyperten-
sive adult subjects during physical inactivity in seated 
and supine postures, systolic blood pressure (BP) in-
creased by 7.5 and 10.4 mmHg, respectively. JD de-
creased seated and supine BPs by 8.4 and 11.2 mmHg, 
respectively. The effect persisted for at least 1  h after 
discontinuation of JD (Sackner et al.,  2019). Similarly, 
in the current study in seated posture, a 5 mmHg in-
crease in BPs, was observed and JD decreased BPs by 
20 mmHg. Furthermore, longer-term use of JD (7 days) 
also decreased BPs by 14 mmHg, and this effect persists 
for at least 72 h after discontinuation of JD (REC72). 
The effects of decreasing BP by adding pulses to the 

circulation are largely induced by NO. In anesthetized 
pigs, the addition of pulsations (180 per min) using 
WBPA decreases the mean femoral blood pressure from 
94 mmHg at baseline to 80 mmHg after 30 minutes, with 
the corresponding mean pulmonary artery pressure de-
creasing from 12 mmHg to 10 mmHg. This effect is at-
tenuated by L-NAME, a nitric oxide synthase inhibitor, 
which demonstrates that the vasodilator properties of 
pulsatile shear stress in the endothelium are consistent 
with an increase in NO (Adams et al., 2000). In human 
subjects, various modes of exercise have been shown to 
induce a post-exercise decrease in blood pressure in both 
hypertensive and nonhypertensive subjects (Borjesson 
et al., 2016; Cornelissen & Smart, 2013) and increase NO 
(Ashor et al.,  2015; Goto et al.,  2007). Mechanisms for 
shear stress and increased NO induced by exercise have 
been thoroughly reviewed (Gielen et al.,  2010; Green 
et al., 2004; Schuler et al., 2013) and confirmed at the cell 
level the use of simulated exercise-induced endothelial 
wall shear stress (Wang et al., 2019).

5   |   STUDY LIMITATIONS

The current study was designed as a noninvasive study 
and therefore was not designed to invasively (blood or 
tissue) compare the biochemical production of NO, and 
no direct method was used to determine the increase in 
NO induced by JD. Thus, it is possible that a discreet 
dose response to JD may exist but changes in the de-
scent of DN are not sensitive enough to detect such 
small changes. The descent of the DN or wave on the 
descending limb of the arterial pulse waveform is a sur-
rogate measure of NO and detects the overall vascular 
effect. The data showed a sustained and time-dependent 
increase in a/b ratio, a surrogate marker for NO. We 
also did not define a priori a specific study population 
or composition, as our goal was to test the effects of JD 
on NO in both genders and subjects likely to use JD. 
Additionally, we did not investigate the carry-over effect 
of JD on BP or a/b beyond 72 h after discontinuation of 
JD. The data further confirms our previous observations 
on the acute and longer-term (7 days) effects of JD in 
decreasing both BPs and BPd.

6   |   CONCLUSION

The application of JD altered the descent of the dicrotic 
notch (a/b) consistent with increases in NO. The effect ap-
pears within the first 5 min of JD use and remains at least 
during the 30 min of JD use and 60 min after use, with an 
increase in NO lasting for at least 72 h after stopping a 7-day 
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JD use. In addition to the previously reported beneficial 
health effects of JD on diabetes, hypertension, sedentary 
lifestyle, mobility, and improved heart rate variability, JD 
is poised to be a simple nonpharmacologic and noninvasive 
strategy to harness the beneficial effects of increasing en-
dogenous NO, particularly in subjects who cannot exercise.
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