
IntRoductIon

Addiction to opioids is a growing, deadly, health
issue in the United States and worldwide. Opioids
derived from the poppy plant include (1) opium,
morphine, and codeine, (2) synthesized by pharma-
ceutical companies such as fentanyl and oxycontin,
and (3) manufactured by independent, unregulated
drug laboratories such as heroin. Legal opioids are
prescribed to control pain, diminish cough, and
relieve diarrhea. Nontherapeutic, illicit opioids are

taken to produce pain relief, euphoria, tranquility,
sedation, and pleasure. In high dosage, both legal
and illicit opioids have potential to suppress activity
of the respiratory center potentially causing respira-
tory arrest and ultimately death.1-6 Surprisingly,
there are a paucity of peer-reviewed papers on
health-related quality of life (QoL) in patients
receiving long-term medical opioid therapy for
relief of pain.7-10 The need to assess gaps in our
knowledge regarding dangers of opioids to health
as well as new, nonpharmacological methods of
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This review deals with opioid addiction, chronic pain, and an innovative, nonin-
vasive technology with simultaneous, beneficial applications for both conditions.
This technology, called passive simulated jogging device (GENTLE JOGGER, JD)
targets addiction and pain by increasing endothelial nitric oxide (NO) bioavail-
ability. It can be self-administered while sitting or lying without resorting to multi-
tasking thereby allowing watching television or operating a computer while effort-
less, physical activity is produced from motorized foot pedals repetitively striking a
bumper at 175-190 times per minute which adds small pulses to the circulation.
This action increases shear stress (friction) to vascular endothelium that stimu-
lates endothelial nitric oxide synthase (eNOS) to increase NO that decreases oxida-
tive stress and inflammation, and, slows accelerated vascular ageing associated
with opioids.
Since the 1970s, clonidine, lofexidine, and dexmedetomidine have been used off-
label to suppress opioid withdrawal symptoms precipitated by excessive release of
norepinephrine. These pharmacotherapy aids to withdrawal and tapering opioid
dosagadrenoceptor agonists that act through eNOS to inhibit norepinephrine.
Increasing NO as with JD and/ or in conjunction with opioid agonists should help
stabilization, tapering, withdrawal, and relapses stages of addiction. Nitric oxide
as increased with JD technology is antinociceptive as demonstrated in chronic
and subacute pain states, viz., fibromyalgia, osteoarthritis, peripheral arterial dis-
ease, delayed onset of muscle soreness (DOMS), and sickle cell disease. Jogging
device decreases elevated blood pressure that is produced with physical inactivity,
a risk to opioid use disorder (OUD). Thus, JD provides holistic, cost-effective
approach to opioid addiction as well as chronic and subacute pain.
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controlling both pain and addiction are obvious.
This review deals with significant and missing
knowledge of opioid use disorder (OUD), addic-
tion, and chronic pain as well as the characterization
of a new, innovative, noninvasive device that
increases release of endothelial NO into the circula-
tion to favorably affect both issues.

opIoId addIctIon

Opioid-addiction occurs in individuals from
every educational and socioeconomic background.
Recognition of this healthcare crisis has promoted a
change of physicians’ prescribing practices as well
as a priority to train first responders in parenteral
administration of naloxone, an antagonist to opioid-
related respiratory center depression. In the United
States, an estimated 400,000 persons have used
heroin in the past month, and 4 million have
reported nonmedical use of prescription pain reliev-
ers. In drug overdose hospitalizations, 16 percent
were associated with prescription opioid overdose
and 2 percent with heroin overdose. In terms of
prevalence of cardiac arrest, heroin overdose was
the most common opioid, followed by prescription
opioids and least common by nonopioid opioids.
Further, the rate of cardiac arrest has become increas-
ing disproportionate in patients with opioid over-
doses.11 In 2016, opioid prescriptions accounted for
40,000 deaths, half from fentanyl; drug poisoning is
one of the leading causes of accidental death in the
United States. In a recent paper, the annual number
of opioid overdose deaths is projected to increase
from 33,100 in 2015 to 81,700 in 2025, a 147 percent
increase from 2015. From 2016 to 2025, 700,400
Americans are projected to die from opioid over-
dose, with 80 percent of the deaths attributable to
illicit opioids.12 The number of individuals using
illicit opioids is projected to increase by 61 per-
cent–from 0.93 million in 2015 to 1.50 million by
2025. Lowering prescription opioid misuse from
2015 levels has been projected to decrease overdose
deaths by only 3.0 percent to 5.3 percent.12

Therefore, attention to illicit OUD must be a top pri-
ority to control the opioid epidemic.
In 2017, the odds of death for heart disease were

one in six, cancer one in seven, suicide one in 88, opi-
oid overdose one in 96, and motor vehicle crash 1 in
96. Approximately 3 million persons in the United
States and almost 16 million worldwide have a current
or past OUD.12 The global burden of opioid-related

conditions approaches 11 million life-years lost
from health problems, disabilities, and early
death.5,13,14 Despite governmental allocation of
extensive financial resources to stem the tide of opi-
oid addiction, a positive solution has not been at
hand. This might relate in part to the major empha-
sis on pharmacotherapy, eg, administration of dimin-
ishing dosages of substitute opioid with less reward-
ing drugs (methadone, buprenorphine, and
naltrexone) and far less attention to treatment of
mental and physical contributing factors to addiction.

unIntEndEd conSEQuEncES of IncREaSInG opIoId
aVaIlaBIlItY

Pain relieving narcotics have been available for
hundreds of years, but addiction remained at low,
manageable levels until the 1990s when two major
developments occurred that focused on “inadequate”
opioid dosing. The first was mainly a result of massive
and unintended consequences of increasing opioid
availability that is not well explained. “Educational”
campaigns by a pharmaceutical company that mar-
keted a new, enormously popular extended-release
analgesic, created an intense focus on pain treatment
in medical circles. In 1995, the president of a major sci-
entific organization indicated that pain should be con-
sidered the “fifth vital sign.” This view was accepted by
a nationally recognized nonprofit health standards set-
ting and accrediting body, the Joint Commission on
the Accreditation of Healthcare Organizations which
released a scathing report on the undertreatment of
pain in the United States. The report concluded (sub-
sequently rejected in 2016) that effective narcotic anal-
gesics were available but seldom used, and that doc-
tors were ignoring pain management because of an
irrational fear of addiction. It was argued by some that
narcotics should be more widely used (later recog-
nized as incorrect!) by appropriate clinical use that
rarely generated addictive behaviors. Time magazine
featured this report on its cover, characterizing it as a
national scandal given that most physicians were
unaware about appropriate pain management, partic-
ularly the role of opioid analgesics.2,14 The highly suc-
cessful marketing campaign prompted doctors to often
inappropriately prescribe narcotics in record numbers. 
The second major development leading to prescrip-

tion opioid abuse was the introduction of a sustained-
release drug, oxycodone, that provided pain relief for
8 to 12 h. With this new formulation, oxycodone
(OxyContin®), an excellent pain reliever but also a
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powerful euphorigenic agent needed to be taken only
once or twice a day, instead of every 2 to 4 h. The
extended-release capsules contained a built-in deliv-
ery system that released the drug slowly over time
from a large self-contained reservoir of the active drug
moiety. The Food and Drug Administration (FDA),
concluded that the delay in reinforcement imposed by
slow release of oxycodone would dissuade abuse
because to reinforce a behavior such as drug seeking,
an immediate reward was necessary. Addicts quickly
realized that they could subvert the slow-release
device by crushing or dissolving the pills, making large
amounts of oxycodone immediately available in a
form suitable for snorting or intravenous injection.
Compared with a standard immediate-release

tablet that typically contained 5 mg of active drug,
the new extended release version of oxycodone
could easily hold 80 mg or 14 times as much as a
single tablet, making one dose go a very long way.
Simple breaching of the reservoir allowed access to
this enormous supply of this opioid. Further, the
tablet contained large amounts of pure oxycodone,
quite unlike most immediate-release compounds
that were mixed with acetaminophen or nons-
teroidal anti-inflammatory drugs (NSAIDs), which
most addicts were hesitant to use because of health
considerations (eg, gastric bleeds or liver damage)
and/or the irritation to the nasal passage and pain at
the injection site in individuals for whom such
routes of administration were desirable.
Oxycodone, an effective analgesic, became a

highly prized drug for abuse.1 Aside from whatever
rewarding sensations that led to repetitive use, sev-
eral factors favored prescription opioids in a new set
of drug users. Oxycodone produced a good,
dependable, “safe” high because unlike heroin, the
dose was known with certainty and was clearly
labeled. Therefore, addicts considered that danger
to overdose was greatly reduced.
Moreover, since this opioid was an FDA-approved

drug, they erroneously believed that its possession
might lead to fewer legal problems.11

onSEt of lonG-tERM RElIancE on opIoIdS

The elapsed time between the first oral exposure to
opioids and habituation/addiction to daily opioid
intake is surprisingly short. For oral opioids, daily use
over 90 days produces a high prevalence of sustained
use.13-15 Daily administration of oral morphine for 30
days in ten patients with low back pain compared to a

placebo group using MRI assessment found signifi-
cant volumetric reduction of gray matter in several
brain regions.16

For daily intravenous heroin injections, addiction
could be as brief as 1-3 weeks.17 These individuals
are at high risk to overdosage and death. More than
three out of five drug overdose deaths involve opi-
oids that act on the peripheral nervous system or
specific receptors in the brain to reduce pain inten-
sity, but continual use leads to drug tolerance and
ineffectiveness. Overdose deaths from opioids have
increased by more than five times since 1999.
Opioid overdoses killed at least 42,000 Americans in
2016 of which about 40 percent were from previous
or currently prescribed opioids. According to the
Centers for Disease Control and Prevention, more
than 140 Americans died per day from drug over-
doses with 91 deaths per day specifically due to opi-
oids. Over 52,404 Americans died from drug over-
doses in 2015. In the United States, deaths due to
suicide and unintentional overdose pose a growing,
public health issue. Combined deaths among
Americans from suicide and unintentional overdose
increased from 41,000 in 2000 to 111,749 in 2017
and have exceeded deaths from diabetes since
2010. Interventions that address the shared causes
and risk factors of suicide and unintentional over-
dose such as improvement of quality of pain care,
access to psychotherapy, and medication-assisted
treatment (MAT) for OUDs, to simultaneously
address both problems have been insufficient.18

Substance misuse often begins during adoles-
cence with over 80 percent of drug abusers taking
drugs during adolescence. Only about 11 percent of
individuals ages 12 and older and only about 6 per-
cent of adolescents 12-17 years old who need treat-
ment for substance abuse receive it.
Furthermore, over half of the adolescents receiv-

ing treatment will relapse within one year of treat-
ment, suggesting that more accessible and effective
programs are needed to prevent and treat sub-
stance use in adolescents.19 Moreover, adolescents
who re ported nonmedical use of prescription opi-
oids (NMUPO) for pain relief involving opioid
analgesics with high misuse potential, or multiple
prescription opioids had significantly greater odds
of substance use disorder (SUD) symptoms at age
35, relative to those who had no history of NMUPO
during adolescence. In addition, medical use of
prescription opioids after initiating NMUPO (or
NMUPO only) during adolescence was associated
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with significantly greater odds of subsequent
symptoms of SUD at age 35 relative to those who
reported the medical use of prescription opioids
only or had no medical use or NMUPO during ado-
lescence.20 Thus, prevention of OUD in adults
must take into consideration that opioids for pain
relief is a risk in youths to later life.

MEdIcal pREVEntIon of opIoId uSE dISoRdER

Prevention relies on public and prescriber educa-
tion, prescription drug monitoring programs, and safe
medication disposal. Education of opioid overdose
and naloxone, an injectable, antagonist to opioid res-
piratory depression as a rescue medication, and train-
ing to first responders, has great promise. From the
start of the current opioid epidemic to the present,
there has been overprescribing of opioids related to
the following considerations: (1) inadequate training
in pain and addiction medicine, (2) societal medica-
tion mania for fast pain relief, (3) patients as well as
their families demanding “shots,” (4) intensive mar-
keting of opioids by the pharmaceutical industry, (5)
eagerness by healthcare workers to relieve pain and
suffering, (6) insufficient numbers of pain specialists
offering comprehensive pain management, and (7) a
reimbursement system that solely favors drug usage
for pain management.21 However, outcomes from
clinical trials dealing with prevention of opioid addic-
tion are sorely lacking.

pHaRMacotHERapY and counSElInG foR opIoId
addIctIon

In the long-term, OUD may evolve into illegal
taking of opioids by intravenous injection, chewing
tablets, or nasal insufflation for rapid onset of action
thereby providing greater perceived pleasure. Such
individuals frequently may be unemployed, home-
less, and/or involved in drug-related criminal activi-
ties, but are increasingly found in suburban
America. Costs to society for medical care, lost pro-
ductivity, crime, and social welfare of these individ-
uals are estimated to be in the billions of dollars.
The treatment of addiction dependence using ago-
nist substitution, such as methadone, has been
shown to be safe and effective since the late 1960s.
Methadone maintenance therapy (MMT), and

more recently other opioid agonists such as
buprenorphine and an opioid antagonist such as
naltrexone, have potential for relieving craving,

suppressing withdrawal symptoms, and blocking
opioid euphoria. While some opioid agonist taking
patients have reductions in HIV-risk behaviors as
well as improved social integration and psychoso-
cial functioning, many continue to suffer from a
variety of psychiatric and medical ailments, includ-
ing hepatitis, HIV, major depression, other sub-
stance abuse disorders, and poor QoL.22

The National Drug Abuse Treatment Clinical
Trials Network summarized the multisite Pre -
scription Opioid Addiction Treatment Study
(POATS), the largest clinical trial conducted in pre-
scription opioids dependent patients (N = 653).
Combinations of buprenorphine-naloxone therapy
of varying duration and intensity as well as counsel-
ing were analyzed.
Primary outcome analysis revealed no overall

benefit to adding drug counseling to buprenor-
phine-naloxone and weekly medical management.
Only 7 percent of patients achieved a successful
outcome (abstinence or near-abstinence from opi-
oids) during a 4-week taper and 8-week follow-up.
Patients receiving opioid agonist treatment at the
time of follow-up were more likely to have better
outcomes than those with drug counseling though a
number succeeded without agonist treatment. Some
patients on this program initiated risky use patterns
including heroin injections. The main limitation of
POATS was the low success of long-term follow-
up.23 The limited success of POATS suggests an
individualized approach to behavioral interventions
as relates to pharmacotherapy. Since some heroin
abusers benefit from counseling, they might do well
with just medical management while others should
receive additional counseling. Because POATS also
found that opioid use during the first two weeks of
buprenorphine-naloxone treatment was associated
with a poor prognosis, patients who do not stabilize
within two weeks could be offered more intensive,
individualized care.24

pooR QualItY of lIfE

In general, scant attention has been paid to
improve the poor QoL in patients receiving long-
term opioid therapy in terms of physical inactivity,
depression, suicidal tendencies, dissatisfaction with
one’s physical self, and some element of social
 isolation, considerations that are not unique to opi-
oid addiction. Not only do these features highlight
the importance of addressing mental health and of
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providing support for physical and social well-being
during treatment, but they also serve as a reminder
that opioid-addicted individuals are vulnerable to
many of the same situations and conditions as those
without it.25 To put this into perspective, a five year
follow-up after the start of methadone treatment in
159 opioid-dependent individuals found that low
QoL scores were present on various domains.7-10

Severity of psychological distress and taking med-
ication for psychological problems as well as the
inability to change one's living situation were asso-
ciated with lower QoL. The latter, points out need
for a holistic approach for treatment and support
beyond fixing the negative physical aspects of opi-
oid addiction.26 Here, attention should be directed
to correction of insufficient pain management and
depression that contribute to lower QoL among
individuals with chronic pain and OUD.27 Since
such individuals have a high probability of being
unemployed, efforts should be made to return then
to the workforce.

pHYSIcal actIVItY In opIoId uSE dISoRdER

Physical activity is any bodily movement pro-
duced by skeletal muscles that increases energy
expenditure as measured by oxygen consumption.
It includes working, playing, carrying out house-
hold chores, traveling, and engaging in recreational
pursuits. The term "physical activity" should be dif-
ferentiated from "exercise," a subcategory of physi-
cal activity which is planned, structured, repetitive,
with an aim to improve or maintain one or more
components of physical fitness. Physical inactivity
and failure to meet exercise recommendations of
the American Heart Association (AHA) are inde-
pendent risks to health but only recently have their
differences been clarified. Most reports equate inad-
equate exercise to ill cardiovascular health effects as
less than 30 min daily of brisk walking or slow jog-
ging at least five days per week. But compliance
with such guidelines while sitting and watching a
computer screen or television program over a much
longer uninterrupted time period negates the bene-
ficial effects of short exercise duration on vascular
health. The average American adult sits about 12 h
per day watching television, operating a computer,
in a transportation vehicle, and in a chair while eat-
ing. Reducing physical inactivity time is a more
important factor to good health than following rec-
ommended exercise protocols owing to the greater

allocation of time between the two.28-32 Moreover,
an EEG study indicated that avoiding sedentary
behaviors requires more cortical brain resources
than avoiding physical activity.33 Although preclini-
cal animal studies suggest that physical activity pro-
tects against opioid abuse vulnerability, no such evi-
dence has yet been obtained in human studies.34

In methadone-treated opioid users, time spent sit-
ting was significantly and positively associated with
depression after controlling for physical function-
ing, physical activity level, and other health-related
factors. This finding is consistent with previous
studies that have linked sedentary behavior or phys-
ical inactivity as prolonged periods of uninterrupted
sitting to increased risk of depression.22 As a compo-
nent of the treatment for OUD, effective means to
limit physical inactivity must be utilized.
In a meta-analysis of 22 SUDs that included three

types of addictive substances, alcohol, nicotine, and
opioids, physical activity had the most persistent,
long lasting effects on abstinence, possibly related
to its role in increasing  brain-derived neurotrophic
factor (BDNF) and glial, cell line-derived neu-
rotrophic factor (GDNF), reparative neurological
factors. These factors aid survival and function of
adult neurons, learning and memory and synaptic
plasticity. In rodent studies, the question as to
whether BDNF or GDNF facilitates or inhibits drug-
taking behaviors is dependent on the drug type,
brain site, the addiction phase (initiation, mainte-
nance, or abstinence/relapse), the time interval
between site specific BDNF or GDNF injections into
the brain and reward- and relapse-related behav-
ioral assessments.35

Physical activity/exercise might ease withdrawal
symptoms, depression, and anxiety but there have not
been any well-controlled clinical trials published to
confirm this assertion. In fact, there are no rigorous
clinical trials varying intensity, duration, and fre-
quency of physical activity/exercise and/or limitation
of physical inactivity reported in opioid addicts. In the
2014 Behavioral Risk Factor Surveillance System
(BRFSS) of the general population, 27.5 percent of
adults aged ³50 years reported no physical activity
outside of work during the previous month.
Prevalence of physical inactivity significantly
increased with increasing age and was 25 percent
among adults aged 50-64 years, 27 percent among
those aged 65-74 years, and 35 percent among those
aged ³75 years. Inactivity was significantly higher
among women than men and prevalence significantly
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increased with decreasing levels of education and
increasing body mass index.32

Reviewer in a group of 305 methadone-main-
tained smokers, only 38 percent of participants met
weekly recommendations for physical activity and
nearly 25 percent reported no physical activity.
Those who did not meet recommended exercise
guidelines were significantly more likely to
relapse.36 Poor adherence to exercise guidelines by
opioid abusers prevents recommending exercise as
a reliable first-line therapy.

adHEREncE to tHERapY

Approximately 50 percent of opioid-addicted
patients fail to take 90 percent of prescribed anti-
opioid addiction medications but convincing statis-
tics on this point are unavailable. The reasons for
nonadherence include: (1) uncertainty regarding
medication effectiveness, (2) lack of understanding
of need for consistent dosing and following treat-
ment recommendations, (3) complexity of the regi-
men, (4) side effects or anticipation of side effects,
(5) psychiatric comorbidity (specifically depres-
sion), (6) desire to get “high” from medication, (7)
impatience waiting for medication to work, (8)
denial of existence or severity of illness, (9) per-
ceived stigma, (10) reluctance to mix medication
with alcohol or drugs, (11) medication-induced
interference with or blockade of drug “high.”36 In
about 3,000 patients reviewed for adherence to
medications by insurance claims who were treated
with buprenorphine for opioid dependence, 22 per-
cent had concomitant anxiety disorder, 16 percent
major depressive/bipolar disorder, and 32 percent
mental health disorder. Patients diagnosed with
major depressive/bipolar disorder were significantly
less likely to adhere to buprenorphine therapy than
patients without it, thereby indicating that a psychi-
atric comorbidity can negatively affect adherence.37

Thus, clinicians treating OUD with buprenorphine
need to screen for psychiatric disorders and monitor
medication adherence. New technology and drugs
to curb opioid dependence must consider nonad-
herence to therapy in their trial design.
Super-utilizers, individuals who fill more than

four opioid medications in a 6-month period, are at
higher risk for nonadherence to medications pre-
scribed for chronic diseases. Given the magnitude
and clinical importance of medication nonadher-
ence in this population, this unwanted consequence

of heavy utilization of opioids warrants a more col-
laborative and holistic approach to this high risk
population.38

paIn and addIctIon

Chronic pain, one of the common reasons that
adults seek medical care, has been linked to restric-
tions in mobility and daily activities, dependence on
opioids, anxiety and depression, and poor per-
ceived health or reduced QoL. High-impact chronic
pain is characterized by limitation of life or work
activities. An estimated 50-100 million US adults
have chronic pain and 20 million US adults have
high-impact chronic pain, with higher prevalence
among women, older adults, previously but not cur-
rently employed adults, adults living in poverty,
adults with public health insurance, and rural resi-
dents as well as those with lower levels of education
and among adults with private health insurance.39,40

Treating “pain and addiction” as two separate
issues generally leads to unsuccessful outcomes for
both issues. Patients with pain and addiction often
have multiple psychological, psychiatric, and med-
ical comorbidities with associated poly-pharmaceu-
ticals, all interacting with each other in complex
ways. The latter is the key driver of evolution of
acute pain to severely disabling chronic pain and
associated adverse outcomes, rather than the per-
sistence of injuries. Chronic pain contributes to an
estimated $560 billion each year in direct medical
costs, lost productivity, and disability programs.41

Among those individuals with both pain and addic-
tion, opioid abuse precedes pain in 58 percent
while pain precedes addiction in 35 percent; there-
fore, both situations need to be therapeutically
addressed nearly at the same time to achieve suc-
cessful outcomes.41

Psychosocial interventions for opioid addiction
alone generally fail to reverse addiction. Whether
compelled or voluntary, return to opioid use
approaches 80 percent within two years of intensive
residential treatment. For treatment of opioid addic-
tion, there is little consensus for which psychosocial
treatments work best in conjunction with FDA-
approved drugs, eg, methadone, buprenorphine, nal-
trexone, and lofexidine. For medications alone, clini-
cal experience is the longest for methadone which
has the greatest body of research supporting its uti-
lization. Buprenorphine has a similar mechanism of
action compared to methadone (partial versus full
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agonist). Like other opioid agonists, these two drugs
have potential to induce lethal suppression of respira-
tion when given in doses that exceed an individual’s
tolerance. Naltrexone, an opiate antagonist that seems
to reduce craving, has less of an historical basis for
effectiveness. Each of the three available FDA
approved medications to treat opioid addiction show
superior treatment outcomes to nondrug-based treat-
ments. Increased retention reduces mortality,
improves social function, and is associated with
decreased drug use and improved QoL.42,43 However,
there does not appear to be any rigorous, designed
peer-reviewed publications of large population stud-
ies with several years of follow-up to support the pre-
ceding claim. Of interest, in 2018, FDA-approved
lofexidine, an alpha2-a agonist for up to 14 days use
to decrease the characteristic symptoms of opioid
withdrawal.44

pHYSIcal actIVItY and EXERcISE foR cHRonIc paIn

Physical activity generally improves pain sensation
and related symptoms. Strict guidelines for imple-
menting physical activity are lacking for chronic pain
but frequent body movements are preferable to
none. Moderate to strong evidence suggests that
movements and psychosocial interventions are effec-
tive for relieving pain and improving function for
musculoskeletal pain. NSAIDs and opioids reduce
pain in the short-term, but the effect size is modest
and potential for adverse effects require caution.40,45

During and after exercise, different endogenous sys-
tems are activated, which release substances or neu-
rotransmitters, such as opioids, NO, serotonin, cate-
cholamines, and endocannabinoids that may
modulate pain perception.46 A sedentary lifestyle
contributes wholly or partially to chronic pain.47 The
innovative, passive-simulated jogging device (JD)
described below directly addresses the health hazard
of a sedentary lifestyle through increasing bioavail-
ability of NO with relief of chronic pain and acute
lowering blood pressure.48-50

WEllnESS tEcHnoloGIES

Our holistic approach to both OUD and chronic
pain has its basis in selectively promoting increased
physical activity on the one hand and decreasing
physical inactivity on the other. With regards to
achieving abstinence and reducing opioid addiction
relapses, exercise strategies have not been effectively

reported, but such trials have not been adequately
designed as to frequency, duration, and intensity.
Therefore, the place of exercise as a therapeutic
modality in OUD remains an open question. As to
exercise improving mood, QoL, and reduction of
substance abuse, assertions have been anecdotal
and not definitive.51,52

Poor adherence to recommendations for
increased physical activity and/ or decreased physi-
cal inactivity minimize their benefits from being
realized in individuals with OUD which is also true
for normal populations as well as patients with heart
failure, coronary artery disease, cancers, obesity,
fibromyalgia, substance abuse disorders, and hyper-
tension among others. Group exercise programs
and monetary rewards have been advocated to
improve adherence for substance abuse users, but
these enticements have not made a major impact on
adherence. A commonly cited statistic is that
approximately 50 percent of individuals dropout
within six months of initiation of exercise programs,
an insufficient time duration to garner its benefits.53

The major physiological basis for achieving well-
ness is enhancing bioavailability of endothelial-gen-
erated nitric oxide (eNO) through increased shear
stress to the vascular endothelium produced by
physical activity. Since insufficient physical activity
is present in the majority of adults, there is need for
technologies to replicate its benefits that require
minimal or no effort and limited behavioral change.
Such technologies, the motion platform and passive
simulated JD which will be described below have
major applications for a healthy life as well as a pos-
itive impact on the current worldwide epidemic of
opioid addiction, the main subject of this review.
The important health benefits of NO are summa-
rized in Table 1.

MotIon platfoRM foR IncREaSInG EndotHElIal
SHEaR StRESS

Exercise and physical activity benefit health by
increasing bioavailability of NO and upregulating
antioxidant anti-inflammatory defenses as a result of
increased shear stress (friction) to the vascular
endothelium. Owing to the poor adherence of indi-
viduals worldwide to exercise and physical activity,
this consideration prompted us to design a motion
platform that effortlessly produced whole-body
periodic acceleration (WBPA) as a means of increas-
ing pulsatile shear stress to the endothelium. This
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device consisted of a horizontal, motorized platform
with a gurney-like appearance that added pulses as
a function of platform frequency to the circulation
by passively administering repetitive, sinusoidal,
rapid head-to-foot platform movements to supine
subjects (ExerRest®, NIMS, Miami, FL 33137). It was
based on the pioneering, perfused, isolated, blood
vessel experiments in 1991 of Hutcheson and
Griffith.54 With a pump that delivered pulsatile flow
of a physiological solution, they found that NO was
released from the endothelium of a perfused blood
vessel with peak release occurring between 250 and
360 pulses per minute. Our laboratory confirmed

their observations of a dose response between NO
release and number of pulses in a perfused blood
vessel. We utilized an isolated porcine aorta per-
fused with a physiological solution of (1) non-pul-
satile flow, (2) pulsatile flow at one pulse per
minute, and (3) pulsatile flow superimposed with
added pulses from a motion platform moving at 180
times per minute. With pulsatile flow, NO increased
about 300 percent above steady flow and further
increased with added pulses, due to fluid inertia,
from the motion platform about 1000 percent over
steady flow. In intact, anesthetized pigs, application
of the motion platform produced significant
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Table 1. Actions of NO released from eNOS activity

Action Effects

Vasodilator
Acts on vascular smooth muscle to increase cGMP, beneficial in
peripheral vascular disease, improves CFR

Reduces blood pressure Treats systemic and pulmonary hypertension

Anti-atherosclerotic
Prevents adhesion of leukocytes and platelets to endothelium leading
to endothelial dysfunction

Aids calcium egress from contracted muscle cells Hastens recovery of DOMS, improves Duchenne muscular dystrophy

Anti-inflammation Inhibits activity of NF-κβ, IL-1β, IL-6, IL-8, IL-18, TNF-α

Reduces oxidative stress Scavenges ROS and RNS

Antinociception
PeripheraI: inhibits NF-κβ and endothelin-1; Central: during physical
activity

Anti-tumorigenic
Inhibits NF-κß and PARP-1, factors left unchecked prevent pro-
grammed cell death (apoptosis) of tumor cells

Organ preconditioning and postconditioning
Minimizes deleterious effects of I/R injury to heart, brain, gut, lungs,
liver, kidneys, and skeletal muscles by suppressing NF-κβ and reducing
oxidative stress

Antidiabetogenic
Combats microvascular complications of diabetes and reduces insulin
resistance

Signals upregulation BDNF, GDNF, and SIRT1 Strengthens memory and provides neuroprotection & neurorepair

Minimizes cognitive decline with ageing Increases microvascular cerebral blood flow

Stroke protection Increases microvascular cerebral blood flow

Promotes reverse ventricular remodeling
Improves ventricular function post myocardial infarction and in
ischemic and non-ischemic heart disease

Activates telomerase Delays endothelial cell senescence and is thereby is anti-ageing

Benefits sickle cell disease
Potential to prevent and ameliorate vaso-occlusive pain crisis in home
or hospital environments

Increases angiogenesis Promotes wound and fracture healing

Inhibits norepinephrine activity Relieves symptoms of opioid withdrawal & aids in tapering opioid dosing
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decreases of mean femoral blood pressure from
93±6 mmHg to 80±5 mmHg and pulmonary artery
pressure from 12±1 mmHg to 9.5±1 mmHg demon-
strating the vasodilator properties of pulsatile shear
stress to the endothelium that related mainly to
increased NO bioavailability.55

Preclinical investigations of WBPA have been
accomplished with structural modifications of the
human designed, motion platform that demonstrated
beneficial effects in experimental systemic and pul-
monary arterial hypertension, asthma, meconium aspi-
ration, pre- and postconditioning in ischemia reperfu-
sion injury, regional microvascular blood flows, sepsis,
hemorrhagic shock, experimental stroke, experimental
myocardial infarction, cardiopulmonary resuscitation,
mice model of muscular dystrophy, oxidative stress,
limb ischemia, eccentric exercise, and formation of
cerebral neurotrophic factors. The motion platform
increased bioavailability of NO, prostacyclin, tissue
plasminogen activator (tPA) and adrenomedullin as
well as upregulated total antioxidant capacity through
increased pulsatile shear stress to the endothelium.55-71

Further, human investigations showed that WBPA
increased NO bioavailability at rest and exercise, pro-
duced brachial flow-mediated vasodilatation and
increased coronary flow reserve (CFR), hastened recov-
ery of strength from delayed onset of muscle soreness
(DOMS) due to eccentric exercise, improved symp-
toms of fibromyalgia including pain, increased walking
distance in peripheral vascular disease, and increased
exercise capability in mild heart failure.48,71-80

An unpublished study from our laboratory in
mice treated 1 h daily with WBPA on a motion plat-
form for 2 weeks upregulated SIRT1, an anti-ageing
molecule, amounting to ~148 percent in the brain,
in skeletal muscle ~20 percent, and in heart ~31 per-
cent. To put these results into perspective, laminar
flow over an endothelial cell preparation for 16 h
showed an increase of SIRT1 ~50 percent.81

For human applications, the motion platform was
not widely adopted because it was too expensive,
limited solely to use in the supine posture, and non-
portable owing to its large footprint and weight (211
kg). It was registered as an FDA Class I (exempt)
therapeutic vibrator with the following intended
uses: “as an aid to temporarily increase local circula-
tion, to provide temporary relief of minor aches and
pains, and local muscle relaxation.” Following a
clinical trial for pain relief in fibromyalgia recom-
mended by FDA, the motion platform was granted
an expanded use, eg, “reducing morning stiffness.”

paSSIVE SIMulatEd JoGGInG dEVIcE

Because of its structural limitations as well as high
price, the motion platform achieved limited accept-
ance in the marketplace. Therefore, a new wellness
device was fabricated as a low cost, portable alterna-
tive, and patented as the passive simulated JD [GEN-
TLE JOGGER]. This device, abbreviated JD, met FDA
standards for low risk, wellness repetitive, alternating,
movements of foot pedals placed within a chassis
while the subject was seated or lying in a bed to pro-
duce effortless flexion and extension of the ankles
such that soles of the feet tapped against a semi-rigid
bumper as in locomotor activities.82 JD weighed about
4.5 kg with chassis dimensions of 34 × 35 × 10 cm3
and was placed on the floor for seated and secured to
the footplate of a bed for supine operation. Its foot
pedals rapidly and repetitively alternate between right
and left pedal movements to lift the forefeet upward
about 2.5 cm followed by active downward tapping
against a semi-rigid bumper placed within the chassis.
In this manner, it simulated feet striking the ground
during selective speeds of locomotor activities. Each
time the passively moving foot pedals strike the
bumper, a small pulse was transmitted from the feet to
the circulation as a function of pedal speed. Buttons
on the chassis control selection of speeds, viz, walk
(~120 steps/min, jog ~150 steps/min, run ~175
steps/min and race ~190 steps/min) (Figures 1 and 2).
Studies cited in this review were mostly done at “race”
speed. An LED screen displays the number of steps
and elapsed time of usage. An iPhone app connected
to JD through blue tooth allowed speed control,
measurement of foot weight on pedals for monitoring
user compliance, and logging step count and duration
of time used, eg, daily, weekly, and monthly. The JD
produced the same effects as WBPA while transmit-
ting pulses remote from tapping of the feet.83

The suggested usage duration of JD is 30 min, one
to three times daily but longer durations such as
approximately 1 h are safe, beneficial, and without
deleterious effects. JD can be self-administered in
home and workplace, to provide effortless physical
activity without resort to multitasking. The dimensions
are such that it can be operational underneath most
desks and the forward passenger seat of commercial
airlines or trains. During its operation, the upper
extremities can freely move thereby allowing reading
printed matter, writing, typing, eating, operating a
computer, watching television, and lifting weights. Its
intended uses comply with FDA suggestions for low
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risk, noninvasive wellness devices (General Wellness:
Policy for Low Risk Devices: Guidance for Industry
and Food and Drug Administration Staff July 29,
2016). Clinical trials, though not required for FDA
nonregulated wellness devices, have been completed
in hypertension and heart disease to confirm FDA’s
suggested intended uses. A clinical trial using self-
administered JD for prevention and treatment of type
2 diabetes in the home environment has been submit-
ted for consideration of publication.49,84

A JD emulates voluntary physical activity since oxy-
gen consumption increases during its operation.85

Further, by increasing shear stress (friction) to the vas-
cular endothelium through added pulses to the circula-
tion, it increases NO bioavailability.86,87 JD increases
endogenous mediators, antioxidants, and, anti-inflam-
matory substances that can mitigate or improve risks
associated with OUD.65,66,88 Such risks include physical
inactivity, endothelial dysfunction, oxidative stress,
reduced cerebral neurotrophic factors, reduced cere-
bral blood flow, neuroinflammation, depression, anxi-
ety, cognitive dysfunction, and premature mortality. JD
incorporates objective means to assess adherence of
use and provides a pleasurable tingling sensation of the
lower extremities during usage. In conjunction with an
iPhone app, “interval training programs” can be initi-
ated with user selected timings that can prolong the tin-
gling sensation throughout operation of JD such as

repetitive intervals of 3 min of operation and 30 seconds
of nonoperation, etc., over its total session duration.

pHaRMacotHERapY foR opIoId uSE dISoRdER

Until recently, the FDA approved only three
drugs for treatment of OUD, eg, methadone (opioid
agonist), buprenorphine (partial opioid agonist),
and naltrexone (opioid antagonist). MTT offered
these drugs along with counseling and/or behav-
ioral treatments in structured settings to prevent
relapse after detoxification and stabilization.
Despite methadone treatments beginning in the
1960s and more recently with other opioid agonist
or antagonist substitution drugs, there is a dearth of
long-term, rigorous controlled, treatment outcomes
(> 1-5 years) in large populations of opioid abusers.
In 2018, FDA approved lofexidine for up to 14 days

to lessen withdrawal symptoms during abrupt discon-
tinuance of opioids. This drug, the first non opioid treat-
ment of opioid withdrawal symptoms approved by
FDA, is an orally administered alpha 2-adrenoceptor
agonist which reduces release of norepinephrine from
the autonomic nervous system and brain. Elevated nor-
epinephrine levels are responsible for opioid with-
drawal symptoms of nausea, abdominal cramps, mus-
cle spasm/twitching, aches and pains, runny eyes, and
sleep disturbances among others.44,89

Figure 1. The feet are strapped to the pedals for firm cou-
pling (straps not shown in image). Repetitively, the left
pedal is elevated by the motor mechanism while the right
pedal is depressed to tap against a fixed bumper within the
chassis. This is followed by elevation of the right pedal and
depression of the left pedal (not shown in figure).

Figure 2. This depicts the passive simulated JD applied in
supine posture while the feet rest on the pedals. Its chassis
is propped against the feet rail seen on the left side of the
image. The chassis from is held in place during operation
by a Velcro strap from the chassis to the feet rail (not shown
in image). The feet are strapped to the pedals for firm cou-
pling (straps not shown in image). The LED on top of the
chassis displays number of steps (here seen as 382) as well
as time of operation, and speed as walk, jog, race and run.
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EXERcISE aS adJunctIVE tREatMEnt foR opIoId uSE
dISoRdER

Exercise has been recommended as an adjunctive
intervention for opioid agonist treatment owing to
improving mood and overall QoL, and reducing
substance abuse.
However, exercise for long-term OUD abstinence

has not led to successful treatment outcomes.
Failure has been attributed to poor adherence and
dropout52 but the poor rigor of exercise protocols
with regards to frequency, duration, and intensity in
published studies renders the role of exercise in
OUD an open question.23,52,53,90

contRIButInG factoRS to opIoId addIctIon

The factors that contribute to persistence of OUD
and/or their side effects include among others (1)
physical inactivity, (2) endothelial dysfunction, (3)
arterial stiffness, (4) cognitive impairment, (5)
oxidative stress, (6) neuroinflammation, (7) chronic
pain, (8) depression, (9) anxiety, (10) craving, and
(11) reward. In most instances, multiple factors co-
exist. For example, physical inactivity may produce
oxidative stress, inflammation, chronic pain, and
depression. Cognitive impairment may occur with
combinations of physical inactivity, endothelial dys-
function, arterial stiffness, oxidative stress, and neu-
roinflammation.

pHYSIcal InactIVItY

Guthold et al.91 conducted a worldwide popula-
tion-based analysis of self-reporting the prevalence
of insufficient physical activity at the workplace, in
the home, riding transportation vehicles, and during
leisure time (ie, not doing at least 150 min of moder-
ate-intensity or 75 min of vigorous-intensity physical
activity per week or any equivalent combination of
the two). From 358 surveys of 168 countries that
included 1.9 million participants, global age-stan-
dardized prevalence of insufficient physical activity
was 27.5 percent. The investigators cautioned that if
current trends continue, the 2025 global physical
activity target of a 10 percent reduction of insuffi-
cient physical activity will not be met. Healthcare
policies to increase levels of physical activity need
to be prioritized and urgently scaled up because of
the growing risks related to a sedentary lifestyle of
hypertension, type 2 diabetes, depression, obesity,

certain cancers, frailty, and premature death.92,93 In
waking hours, physical inactivity is mainly due to
uninterrupted sitting while watching television or
operating a personal computer. Overall, sitting by
adults occupies approximately 12 h daily of waking
hours. To overcome such inactivity, taking breaks
from sitting every 20 min by arising from a chair and
walking about for 2 min is effective but necessitates
a behavioral change that has not yet been imple-
mented in large population studies.94,95 Alternately,
an individual can remain seated during operation of
JD as described in this review and still receive bene-
fits of physical activity such as lowering blood pres-
sure and diminishing glycemic rise caused by inac-
tivity.49 With regards to attributing physical inactivity
as a risk factor in opioid addiction,96 there has not
yet been a published study as to whether addicted
individuals are more physically inactive than nonad-
dicted individuals. However, physical inactivity
among American adults is so ubiquitous that at the
least it could be synergistic or additive to taking opi-
oid which acts as a sedative.32

paSSIVE SIMulatEd JoGGInG dEVIcE EffoRtlESSlY
IncREaSES pHYSIcal actIVItY

Although JD passively moves the lower extremi-
ties, it also causes active muscular contraction as
evidenced by increased energy expenditure, as
measured by increased oxygen consumption.85

Unpublished studies from our laboratory in 15
women and 11 men, mean age 44 years and mean
BMI of 27.9, after conversion of oxygen consump-
tion to METS,97 revealed that during JD operation,
METS increased 15 percent over seated resting pos-
ture and 13 percent over supine resting posture. In
contrast, METS increased much less, viz., from 4 to 5
percent while standing above sitting at a sit-stand
workstation.98,99 Thus, JD provides a more efficient
means to passively increase physical activity than
interrupting sitting by standing.

SHEaR StRESS to VaSculaR EndotHElIuM

Endothelial dysfunction is a major factor in the
initiation and progression of atherosclerotic lesions
of the lower extremities. Prolonged sitting that
decreases shear stress to endothelium is specific to
the leg vasculature. In its early stages, walking after
uninterrupted sitting restores normal leg vascular
function. Because the average adult spends most of
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the day in the seated posture, lower extremity arter-
ies may be dysfunctional during a major portion of
the day and its long-term consequence is peripheral
arterial disease.100,101

Hemodynamic shear stress, the friction acting
upon the vascular endothelium from blood flowing
over it, is essential for normal endothelial function.
Mechano-sensors located in endothelial cells detect
forces of shear stress and convert them into bio-
chemical signals that produce vascular conse-
quences. Among the various shear-induced signal-
ing molecules, NO and reactive oxygen species
(ROS) have been implicated in vascular homeostasis
and diseases that depend upon three blood flow
patterns which comprise (1) laminar or steady, (2)
pulsatile, and (3) oscillatory or low flow. Pure flow
of each of the preceding occurs only under in vitro
conditions whereas combinations take place under
in vivo conditions. Physical activity increases both
cardiac output and pulse rate to produce a combina-
tion of laminar and pulsatile shear stress to the vas-
cular endothelium that stimulates release of benefi-
cial mediators, such as endothelial derived NO into
the circulation. Preclinical studies also indicate that
moderately increased shear stress upregulates
endogenous antioxidant enzymes. Further, shear
stress upregulates SIRT1, the anti-ageing molecule,
in vascular tissue that includes endothelial cells,
monocytes/macrophages, and vascular smooth
muscle cells. It is notable that SIRT1 has anti-athero-
sclerotic and anti-arterial stiffness.81,102

Both physical activity and its passive counterpart,
JD, increase physiological shear stress to the
endothelium. In isolated perfused blood vessels,
maximum release of NO into the circulation occurs
between 250 and 360 pulses per minute, a speed
that can be achieved during natural human fidgeting
as well as with usage of JD but not with sustained
aerobic exercise.54 Fidgeting, such as 1 min on and 4
min remaining still for the fidgeting leg while the
contralateral leg remained still throughout the fidg-
eting period as an internal control in 11 young
healthy adults at their natural cadence of 220 to 290
taps per minute increased popliteal artery blood
flow and shear rate that tapered off after 60 second.
Fidgeting did not alter popliteal artery blood flow
and shear rate of the contralateral leg, which had
reduced blood flow and shear rate throughout the
sitting still period. Popliteal artery flow-mediated
dilation was impaired after 3 h sitting in the control
leg but improved in the fidgeting leg.103 Therefore,

one might think of JD as an effortless, fidgeting
device with its major advantage as not being time
limited owing to muscle fatigue.
Oscillatory blood flow produces greater amounts

of ROS than regular flow patterns (steady or pul-
satile) with elevated ROS leading to low NO bioavail-
ability. Low NO bioavailability is partly caused by the
reaction of ROS with NO to form peroxynitrite, a mol-
ecule that further enhances oxidative stress and
upregulation of NADPH oxidase.104 Both increased
physical activity and application of JD mitigate
and/or depress NADPH oxidase activity.105

In terms of brain microvascular endothelium,
physiologic shear causes tightening of cellular junc-
tions but high shear stress and/or high amplitudes
of vascular pulsations disrupt them thereby decreas-
ing effectiveness of the blood brain barrier.
Reversibility after high shear stress occurs with
hemodynamic improvement.

Blood pRESSuRE RISES duRInG pHYSIcal InactIVItY

In 2017, the American College of Cardiology and
American Heart Association (AHA) released new
high blood pressure guidelines that lowered the
diagnostic threshold of hypertension based upon a
large clinical trial called SPRINT. This new treatment
threshold lowered a systolic blood pressure greater
than 140 mmHg to greater than 130 mm Hg as an
effort to reduce prevalence of stroke and myocar-
dial infarction related to hypertension. The new
guidelines raised prevalence of hypertension
among American adults to 45.6 percent or 103.3 mil-
lion individuals and were accompanied by the rec-
ommendation that 81.9 million take antihyperten-
sive medications. In addition, nonpharmacological
interventions were recommended for 9.4 percent of
American adults.106,107

In the short-term, the onset of a rising blood pres-
sure during uninterrupted sitting or lying as meas-
ured continuously with a noninvasive technology in
normo- and hypertensive individuals with normal
body weight, overweight, or obesity is as brief as 5
to 10 min. In our study of 22 subjects with uninter-
rupted sitting, peak rise of systolic pressure above
the seated control period was 7.5 mmHg and 10.4
mmHg above the supine control period 40 min after
a baseline rest period. Corresponding values during
JD administration were declines of 8.4 mmHg and
11.2 mmHg of systolic blood pressure in the seated
and supine postures, respectively, most likely due
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wholly or in part by greater NO bioavailability.49 JD
is an effective technology to acutely lower the ele-
vated blood pressure accompanying physical inac-
tivity, but further studies are necessary to demon-
strate effectiveness in long-term and during episodic
physical inactivity. In another investigation by oth-
ers, a rise of blood pressure occurred during unin-
terrupted sitting in 19 inactive, overweight/obese
type 2 diabetics after 7 h as shown by hourly oscillo-
metric measurements.95

EndotHElIal dYSfunctIon

The vascular endothelium has emerged as one of
the most important systems affecting health. It
responds to humoral, neural, and hemodynamic
stimuli and regulates platelet function, inflamma-
tion, oxidative stress, and vascular smooth muscle
cell growth and migration. It modulates vascular
tone by synthesizing and releasing vasoactive sub-
stances. Compromised endothelial function is a
major contributor to the pathogenesis of cardiovas-
cular disease and correlates with disease progres-
sion and prediction of cardiovascular events.
Endothelial dysfunction occurs in physical inactiv-
ity, accelerated ageing, oxidative stress, inflamma-
tion, obesity, excessive alcohol intake, atherosclero-
sis, type 2 diabetes, smoking, systemic and
pulmonary hypertension, metabolic syndrome,
chronic obstructive lung disease, sleep apnea syn-
dromes, mental stress, chronic renal disease, stroke,
coronary artery disease, autoimmune diseases,
rheumatoid arthritis, preeclampsia, cirrhosis, hyper-
lipidemia, and sepsis among others.
Endothelial dysfunction is ameliorated by

increased physical activity that phosphorylates
endothelial nitric oxide synthase (eNOS) into an
active molecule which reduces oxidative stress and
inflammatory cytokines. Normal endothelial function
up-regulates superoxide dismutase, down-regulates
NADPH oxidase, diminishes uncoupling of eNOS,
and reduces ADMA to counteract oxidative stress.
Physical activity also increases circulating endothe-
lial progenitor cells, reduces endothelial senes-
cence, improves endothelial repair, increases activa-
tion of adenosine monophosphate-activated protein
kinase and its activator proteins such as SIRT1 and
serine/threonine kinase 11 (LKB1). Most of the pre-
ceding changes of biochemical factors have been
found in conjunction with WBPA studies. In con-
trast, polypills that combine multiple vasoactive,

cholesterol lowering, and diuretic drugs in a single
pill to improve patient compliance are unlikely to
directly improve endothelial dysfunction as none
increase shear stress, a key factor responsible for
normal endothelial function.108,109

EffEctS of aGEInG on EndotHElIal dYSfunctIon

Ageing is a major risk for cardiovascular diseases,
attributable in part to stiffening of large elastic arteries
and endothelial dysfunction. Such risk could be mini-
mized by increased physical activity that increased
NO bioavailability and reduced oxidative stress.110

Endothelial dysfunction occurs in both the macro-and
microcirculation with exposure of the vasculature to
augmented arterial tone, greater oscillatory shear
stress, and elevations of large and small artery stiff-
nesses. Other lifestyle factors that accelerate endothe-
lial dysfunction include smoking, physical inactivity,
excessive alcohol drinking, high salt diet, poor nutri-
tion, and mental stress.111,112 Through hemodynamic
alterations and living an unhealthy lifestyle, endothe-
lial dysfunction becomes an important contributor to
age-dependent, increased prevalence of hypertension
and atherosclerosis.113

ManaGEMEnt of EndotHElIal dYSfunctIon

Moderate intensity physical activity as recom-
mended by AHA and leading a healthy lifestyle
improves endothelial dysfunction by increasing NO
bioavailability.114 However, only about 20 percent
of American adults adhere to AHA exercise recom-
mendations.115 In addition to inadequate exercise,
prolonged uninterrupted sitting also leads to
endothelial dysfunction.101 It has not yet been
demonstrated that substituting sitting with light
intensity physical activity, such as standing and low
pace walking, raises shear stress to a level that
returns significant endothelial dysfunction to nor-
mal.113,116 Self-administration of JD allows one to
remain sitting while still benefitting from increased
shear stress to increase NO bioavailability.49,84 In
part, habitual aerobic exercise also prevents the
age-related decline in endothelial function due to
nuclear factor kappa beta (NF-kB) signaling of
inflammatory factors. Inhibition of NF-kB signaling
has therapeutic potential in individuals who are
unable or unwilling to perform regular aerobic exer-
cise.117 In a sheep asthma model, WBPA adminis-
tered with the motion platform to increase NO
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bioavailability blocked NF-kB activity during the
late, inflammatory phase of the asthma reaction.56

Therefore, JD might also benefit in the same way as
the motion platform helps individuals who are
unable or unwilling to increase physical activity.117

oldER adultS nEEdInG opIoId REplacEMEnt tHERapY

The reason for discussing “arterial stiffness” during
accelerated ageing with opioid addiction is that oxida-
tive stress has a common basis to both situations
which might be additive and synergistic in their
action.118-121 Further, the current ageing population
that began experimenting with substance abuse
decades ago belongs to a group that will increase
their need for substance abuse treatments as they age.
In the United States, the number of adults 50 years of
age or older requiring treatment for problematic sub-
stance use will increase from 1.7 million in 2000 to 4.4
million in 2020.122 This increased need for treatment is
quite apparent among older adults in methadone
maintenance treatment (MMT) clinics. The effective-
ness of MMT in decreasing risk of premature death
and the rapidly growing rate of older adults in North
America, has resulted in some patients being pre-
scribed methadone for decades. These high rates
relate to the large-scale enrollment of MMT in North
America in the 1970s, where many who entered in
their twenties are now in midlife and older. This
group is generally aging more quickly than the gen-
eral population because of past and present lifestyle
choices that has led to its consequences.118 Treatment
with the JD might slow progress of accelerated vascu-
lar ageing in the presence of OUD but long-term stud-
ies are needed for corroboration.

aoRtIc StIffnESS and SMall VESSEl dISEaSE

Arterial stiffness, particularly of the aorta, begins in
young adulthood due to anatomical alterations of vas-
cular walls produced by the backward pulse wave
reflected from the periphery which augments central
systolic blood pressure. Stiffness progressively accel-
erates in the fifth decade and continues until death.123

The augmented systolic pressure wave is transmitted
to midsize and smaller arteries resulting in structural
damage and dysfunction of cerebral, coronary, and
renal arteries.102 The latter, called small vessel disease,
can be demonstrated in the brain with neuroimaging
techniques. The greater age-related, aortic stiffness
and high-pressure pulsations excessively increase

ventricular work such that left ventricular mass is
increased.
Small vessel disease constitutes the basis for the

most prevalent ischemic brain disorder, vascular
cognitive dysfunction. As a risk in ageing, it is the
commonest vascular cause of dementia as well as
being responsible for about one fifth of all strokes
worldwide. Manifestations of cerebral small vessel
disease include early cognitive impairment with lim-
ited capacity to utilize complex information, to for-
mulate strategies, and to exercise self-control.
Episodic memory deficits occur but are less severe
than those in patients with Alzheimer’s disease.
Neuroimaging abnormalities include silent lacunar
infarcts, white matter hyperintensities, and microb-
leeds. Accompanying depressive symptoms corre-
late with greater degrees of arterial stiffness.124,125

Since opioid use disorder accelerates vascular age-
ing,119 this factor puts opioid addicts at additional
risk for cerebral, coronary, and renal complications
but no systematic evaluation of this issue has yet
been reported.

coRonaRY MIcRoVaSculaR dYSfunctIon

Aortic stiffening associated with ageing predisposes
to angina without coronary artery obstruction because
repeated exposures to the large reflected pulse pres-
sure wave originating in the ageing aorta damages the
walls of coronary arteries. It occurs predominately in
women, has substantial morbidity, is present in 10
percent to 30 percent of patients undergoing angiog-
raphy, and persists after revascularized coronary
artery procedures. Its diagnosis is based in part on
measurements of CFR, the maximal increase in coro-
nary blood flow above its resting level for a given per-
fusion pressure when the coronary vasculature is
maximally dilated as with infusion of adenosine.
Coronary microvascular dysfunction is present in 50
percent to 65 percent of patients with values of CFR or
myocardial perfusion reserve <2.5 in the absence of
coronary artery stenosis measured with Doppler
echocardiography, positron emission tomography,
cardiac magnetic resonance imaging, dilution meth-
ods, or intracoronary Doppler.126-128 Opioid addiction
might be a risk factor for coronary microvascular
owing to wave reflection from the ageing aorta, but
this risk has not been rigorously investigated.129

There have not been any short-term, effective, phar-
macotherapies or surgical procedures available for
coronary microvascular dysfunction. Adherence to
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a healthy lifestyle has been a long-term fall back
recommendation.130

Using the motion platform, Fukuda et al.74 admin-
istered a single session of WBPA to 15 healthy sub-
jects and 20 patients with coronary artery disease.
Flow velocity in the distal portion of the left anterior
descending coronary artery was measured with
transthoracic Doppler echocardiography at baseline
and during adenosine infusion. CFR was calculated
as the ratio of hyperemic to basal mean diastolic
flow velocity. WBPA increased CFR a mean from 3.3
to 3.7 in 35 patients. Coronary angiography showed
significant LAD narrowing in eight of the 20 patients
with coronary artery disease but WBPA increased
CFR from 2.4 to 2.7 in them as well.
In anesthetized swine, our laboratory reported that

a single WBPA session in conjunction with injection
of colored microspheres increased epicardial blood
flow 71 percent and endocardial blood flow 93 per-
cent.59 Since treatment with WPBA and our passive
simulated JD have the same basis in increasing pul-
satile shear stress to the endothelium, we assume that
JD would have the same outcome for treating and
preventing coronary microvascular dysfunction.

pREVEntIon and tREatMEnt of VaSculaR StIffnESS

Currently, there are not any rigorous demon-
strated means for acute, effective, treatment of arte-
rial stiffness. Moderate-to-vigorous physical activity
and reduction of sedentary behavior are each asso-
ciated with slower age-related progression of aortic
stiffness independent of conventional vascular risk
factors that take place over months, longer, or never
in the elderly with concurrent hypertension.131-133

Early vascular aging is an asymptomatic condition
and can only be currently diagnosed with measure-
ments of pulse wave velocity that show a rapid tran-
sit time of the pulse wave from one vessel to
another or to the heart.121 Rodent studies indicate
that low bioavailability of NO predisposes to aortic
stiffness134 and therefore, chronic usage of JD might
reduce severity of aortic stiffness but benefit of this
intervention has not yet been established.
With ageing, the walls of large arteries, particu-

larly the aorta, become thicker and less elastic
thereby increasing pulse wave velocity such that
systolic and pulse pressure increase. Arterial stiffen-
ing is a predictor of several cardiovascular out-
comes, such as stroke, myocardial infarction, and
chronic kidney disease. Increased aortic stiffness is

associated with the higher risk of incident hyperten-
sion. As central arteries become stiffer, they main-
tain their conduit function, but progressively lose
their buffering properties and transmit high energy
pulse pressure into the vascular bed of organs
highly vascularized but prepared only to deal with a
near continuous flow of blood, like the blood ves-
sels of the brain and kidneys. Stiffer arteries transmit
not only the forward, but also the reflected, back-
ward pressure waves with higher velocity, and
eventually with greater amplitude.131 Although non-
invasive, pulse wave velocity measurement technol-
ogy has been available for some time, it has not yet
reached the mainstream of clinical diagnostics. This
might relate to the lack of symptoms of stiffened
arteries until long-term effects create clinical compli-
cations in target organs.

oXIdatIVE StRESS WItH aGEInG

Ageing of organs by accumulation of ROS pro-
motes oxidative collateral damage. Increased oxida-
tive stress produced in the mitochondria and cytosol
of heart and brain is a common denominator to
almost all cardiovascular and cerebrovascular dis-
eases. One of the most accepted theories regarding
the mechanism of aging is that ROS produced dur-
ing normal aerobic metabolism tend to accumulate
with age ultimately resulting in oxidative damage of
genomic DNA, proteins, and cellular components.
An increase in pro-oxidants promotes whereas
improvement of antioxidant defenses delays the
ageing process.81,135

Cellular ageing is a function of telomere length
that shortens with each cell division, up to a critical
length that results in replicative senescence. This is
a permanent, nondividing state which ensues in
somatic cells after a predetermined number of cell
divisions. Telomerase is an enzyme responsible for
maintaining the length of telomeres and is upregu-
lated by increased bioavailability of NO to minimize
cellular senescence.136 An endogenous produced
molecule, SIRT1 that is increased by shear stress to
the endothelium also delays vascular aging through
its antioxidant properties. It increases activity of
catalase and manganese superoxide dismutase, two
key enzymes involved in controlling cellular ROS
levels. SIRT1 expression and activity gradually
decrease with ageing while oxidative stress, the
major contributing cause of atherosclerosis,
increases.81,135
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cEREBRal Blood floW duRInG pHYSIcal actIVItY
and WBpa

There has been a paucity of publications dealing
with regional microvascular blood flows during
physical activity as measured with labeled micros-
pheres. Two investigations in swine trained to run
on a treadmill for 20-30 min at 75-80 percent of
their maximum heart rate revealed that cerebral
microvascular blood flow did not change from rest
in contrast to 130 percent increase of myocardial
and 210 percent increase of skeletal muscle
microvascular blood flows. Renal cortex, gastric
mucosa, ileal mucosa, and spleen microvascular
blood flows decreased 10-60 percent from resting
values while liver blood flow remained
unchanged.137,138 In an investigation of anes-
thetized swine from our laboratory, measurement
of regional microvascular blood flows using color
labeled microspheres were obtained 10 min after
application of WBPA and 10 min after its cessation.
During WBPA, cerebral and brain stem blood
flows increased 180 percent above control values
whereas endocardial, epicardial, renal cortex, ileal
mucosa, gastric mucosa, and liver blood flows
increased 50-90 percent above control values.
Skeletal muscle and spleen blood flows during
WBPA remained unchanged. Elevated organ
microvascular blood flows with WBPA returned to
control values after stopping WBPA with exception
of epicardial and endocardial blood flows that
remained elevated another 10 min when the study
was terminated.59 The differences between active
exercise and passive body movements appear to
depend upon tissue demands, eg, WBPA increased
shear stress to the endothelium by vasodilation
without tissue demand in contrast to demand for
oxygenated blood by contracting cardiac and
skeletal muscle during exercise. If such results in
swine can be confirmed in humans, long-term
application of JD might be an effective strategy to
increase cerebral microvascular blood flow in
order to minimize the cognitive dysfunction pres-
ent in vascular dementia due to ageing and/or
abuse of opioids.139-141

accElERatEd VaSculaR aGEInG WItH opIoIdS

Individuals taking opioids for chronic pain over 5
years have a greater degree of arterial stiffness than
nonopioid controls, and this difference is more

marked in women than men.120 The degree of arte-
rial stiffness relates to the vascular age, central sys-
tolic pressure, and subendocardial perfusion ratio
by the specific opioid drug taken. Of three FDA-
approved drugs for opioid addiction, eg, buprenor-
phine, methadone, and naltrexone, methadone was
uniformly associated with poorer arterial and vascu-
lar outcomes, both alone and interaction with
chronologic age and other established risk factors.
These data were equivalent to advancement in vas-
cular age at a modeled chronologic age of 60 years
to 72.3 (buprenorphine), 82.8 (methadone), and
72.4 years (naltrexone) compared to nonopioid user
controls (67.4 years).119

Increased oxidative stress accelerates vascular
ageing through endothelial dysfunction marked in
part by progressive decrease of NO bioavailability
caused by eNOS uncoupling. The latter converts L-
arginine to the oxidizing molecule superoxide,
owing to increased NADPH oxidase activity.
Superoxide reacts with NO to form peroxynitrite
which promotes additional eNOS uncoupling and
acceleration of the atherosclerotic process.142

Heroin abuse and natural ageing both affect
immunological cell functioning, eg, heroin use is
associated with premature aging at both cellular and
brain system levels. Indicators of ageing included
peripheral blood telomerase activity, which reflects
cellular aging, and both structural and functional
measures of brain magnetic resonance imaging.
Heroin users have significantly low telomerase
activity which interacts with heroin use to disturb
structural integrity of gray and white matter of the
prefrontal cortex in a key brain region implicated in
ageing. Reduced telomerase activity interacts with
heroin use to impact age-sensitive brain functional
networks which correlates with behavioral perform-
ance on executive functioning, memory, and atten-
tional control.143 Since JD upregulates antioxidant
defenses,65 its application should be a component
of any plan for opioid withdrawal.
In terms of oxidative stress, accelerated vascular

ageing and OUD may be synergistic or additive.
Oxidative stress caused by opioids derives from
direct or indirect effects of the phases of opioid expo-
sure and its withdrawal. Increase in the levels of oxi-
dants compared to antioxidant defense systems leads
to cellular dysfunction and eventually to cellular
death. A great deal of such evidence derives from pre-
clinical research of morphine and heroin in laboratory
rodents.144 Here, high-dose morphine produces

536 Journal of Opioid Management 15:6 n November/December 2019
Sponsored Review

Sackner_Sackner.qxp  12/5/2019  12:14 PM  Page 536

This document is licensed under Creative Commons CC-BY-NC-ND-4.0 for non-commerical use from 12/09/2019 thru 12/09/2022. All Rights Reserved. 
Commerical use requires additional licensing. Please visit www.copyright.com for additional licensing options. 



endothelial dysfunction by decreasing endothelium-
derived NO bioavailability and generating superoxide
by activation of NAPDH oxidase.145 Increasing vascular
shear stress by the motion platform and JD improve
endothelial dysfunction.76,146

opIoId tolERancE, oXIdatIVE StRESS, and antIoXI-
dant pRopERtIES

Tolerance to opioids necessitates escalating their
dosage to achieve equivalent pain relief, even as the
onset of opioid-induced hypersensitivity subverts
the therapeutic impact of such increases. Tolerance
decreases QoL in patients with chronic pain due to
over-sedation, physical inactivity, respiratory
depression, constipation, and risk of addiction.
Further, nitroxidative stress is a major contributor to
pathogenesis of pain and plays an important role in
opioid antinociceptive tolerance, caused by the
superoxide, O2⁻, nitric oxide, NO, and peroxynitrite
ONOO⁻ or its protonated counterpart ONOOH, the
product of their interactions.147 Both WBPA and JD
can restore endothelial function by increasing eNOS
expression, decreasing eNOS uncoupling, reducing
(ONOO⁻) levels (nitroxidative stress), and shifting
[NO]/[ONOO⁻] balance toward NO.148

The antioxidant properties of WBPA have been
evaluated in normal mice and mice with high levels
of oxidative stress, eg, type 1 diabetes and Duchene
Muscular Dystrophy. Whole-body periodic accelera-
tion upregulates eNOS and increases expression of
endogenous antioxidants that include glu-
tathioneperoxidase-1 (GPX-1), catalase (CAT), and
superoxide dismutase 1 (SOD1).
These compounds increase total antioxidant

capacity along with the antioxidant response ele-
ment transcription factor Nrf2 translocation to the
nucleus. Such actions decrease ROS in both mice
models of oxidative stress. Therefore, WBPA as well
as its JD counterpart can serve as nonpharmacologic
means to counteract the increased oxidative stress
produced by administration of opioids.65

Depending upon a specific opioid, chronic anal-
gesia and reward may diverge in their effects. An
increase of opioid amount may be needed to coun-
teract the diminution of the euphoric effect over
time without increasing analgesic effectiveness and
vice versa. In preclinical studies, opioids activate
inflammatory cytokines, most notably tumor necro-
sis factor-a.149,150 Reduction of inflammatory
cytokines can be accomplished by WBPA or JD

potentially decreasing tolerance to opioids, but this
preclinical effect requires confirmation in OUD
patients.56,65,66,88,149

nEuRotRopHIc factoRS and opIoIdS

Opioid administration to rodents produces rapid
onset of addictive behaviors that simulate human
addiction. Complicated relations among neu-
rotrophic factors and NO in opioid addicted rodents
are not well understood. Investigations of the
pathophysiology have focused on reduced levels at
regional, cerebral locations of neurotrophic factors,
and cerebral blood flow. BDNF and GDNF are the
major neurotrophic factors critical for the growth,
survival, and differentiation of developing neurons.
These factors also are important for the survival and
function of adult neurons, learning and memory,
and synaptic plasticity.
Studies have been conducted of the role of BDNF

and GDNF upon the behavioral effects of opioids
and in the neuroadaptations induced by their
repeated exposure in the mesocorticolimbic
dopamine system of rodents. Whether BDNF and/or
GDNF facilitate or inhibit drug-taking behaviors are
dependent upon the drug type, brain site, the addic-
tion phase (initiation, maintenance, or abstinence/
relapse), and the time interval between site specific
administration of BDNF or GDNF into the brain and
the analysis of reward- and relapse-related behav-
ioral assessments.35,151 The role of BDNF and GDNF
is hampered by the fact that such molecules injected
into the circulation are ineffective because they are
too large to cross the blood-brain barrier and hence
their infusion directly into the brain is not a viable
human option.
Brain-derived neurotrophic factor is a key posi-

tive regulator of neural plasticity that promotes the
actions of stimulant drugs of abuse such as cocaine.
However, BDNF appears to play an opposite role
for in responses to morphine and presumably other
opioids, administered to mice by subcutaneous pel-
lets or intermittent intraperitoneal injections.
Suppression of BDNF in the ventral tegmental area
(VTA) of mice enhances ability of morphine to
increase dopamine (DA) neuron excitability and
promote reward. During withdrawal of morphine in
addicted mice, there is a marked upregulation of
BDNF and interaction between brain NO and BDNF
levels.35,152 GDNF’s role in opioid addiction is less
understood than BDNF.153
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In daily 1-h WBPA treatments for 2 weeks in 20
normal mice compared to a nontreated, control
group, whole brain homogenates were analyzed for
eNOS, p-eNOS (phosphorylated eNOS), BDNF, and
GDNF. WBPA significantly increased brain protein
levels of BDNF, GDNF, and the ratio of active (p-
eNOS) to total eNOS 30 percent above control val-
ues in whole brain homogenates. These values were
within the range reported by other investigators for
the effects of exercise.61 This study did not investi-
gate the BDNF source within the brain but recently
others have found that BDNF is secreted by cerebral
endothelium.154,155

In another study from our laboratory, it was
shown that insufficient dystrophin in cortical neu-
rons of a mouse model of muscular dystrophy (MD
mice) was associated with elevated resting intracel-
lular Ca2+ and Na+, increased oxidative stress, neu-
ronal damage, and cognitive deficit.64 In a follow-up
study, WBPA applied 1 h daily for eight consecutive
days to MD mice increased BDNF levels of cerebral
cortex homogenates 1.8-fold, GDNF 1.6-fold, and
eNOS 1.8-fold. Improvement of cognitive perform-
ance also took place.156 

BRaIn-dERIVEd nEuRotRopHIc factoR SEcREtEd BY
cEREBRal EndotHElIuM

Brain-derived neurotrophic factor levels present
in brain homogenates correspond mainly to BDNF
present in cerebral endothelial cells which is
dependent on cerebrovascular endothelial eNOS
activity. Low-cerebral levels of BDNF have been
implicated in neurodegenerative, neurological, and
psychiatric diseases. Increasing BDNF levels in the
brain have potential to prevent and treat chronic
brain diseases. Since BDNF expressed by the cere-
bral endothelium largely accounts for BDNF levels
present in the brain, it is likely that BDNF-based
therapies would be most effective if they also tar-
geted cerebral eNOS. Most of the BDNF found in
the brain corresponds to BDNF present in the cere-
bral endothelium and endothelium-derived NO is a
regulator of cerebrovascular BDNF production. It
has been estimated that the human brain contains
equal numbers of neurons and non-neuronal cells
and that endothelial cells represent 17 percent of
the cell population at least in the rat cortex, with
neurons accounting for 47 percent. Given the den-
sity of endothelial cells and their ability to synthe-
size and secrete large quantities of mature BDNF

(mBDNF), endothelial mBDNF should be consid-
ered as a link connecting brain with endothelial
health. The discovery that mBDNF is secreted by
cerebral endothelial cells suggests that improve-
ment of brain health should target cerebral endothe-
lial cells rather than neurons.
Long-lasting changes in synaptic efficacy mediate

long-term memory through two secretory proteins,
tPA and BDNF. tPA, by activating plasmin, converts
the precursor proBDNF to its mature BDNF
(mBDNF) that is critical for memory expression.157

Both components of this process are produced by
increased pulsatile shear stress to the endothelium
as administered with WBPA or JD.

REcEnt pHaRMacoloGIcal tREatMEnt foR opIoId
uSE dISoRdER

Up until 2018, only three drugs, methadone,
buprenorphine, and naltrexone, were approved by
FDA for treating opioid addiction. These drugs have
been usually prescribed as a component of MAT, a
program of behavioral treatments in structured set-
tings, or to prevent relapse after detoxification and
stabilization. Behavioral interventions were utilized
to improve medication compliance and target prob-
lems not addressed with medication alone such as
comorbid psychiatric and substance use conditions,
that were not exclusionary for initiating MAT but
required attentive evaluation and monitoring owing
to potential of reduction of effectiveness.157 About
23 percent of people exposed to opioids develop
OUD, a risk for transition to addiction second only
to tobacco (32 percent) and higher than that for
cocaine (17 percent), alcohol (15 percent), or
cannabis (9 percent).159 Further, six percent of indi-
viduals prescribed opioids continue to use them at
greater than one year, a risk for habitual lifetime use
that increases exponentially after five days of initial
exposure. Since nonmedical opioid use is a gateway
to potential heroin addiction, an early intervention
must be considered as a medical emergency.160

In May 2018, FDA approved the fourth drug for
management of OUD, lofexidine, to be taken daily
up to 14 days for ameliorating symptoms of opioid
withdrawal. Lofexidine is an a2-adrenoceptor ago-
nist that decreases norepinephrine outflow from the
central nervous system responsible for symptoms of
sudden opioid withdrawal. Lofexidine is a structural
analog of clonidine, also an a2-adrenoceptor ago-
nist that is approved for hypertension therapy but
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used off-label since 1980 to ameliorate symptoms of
opioid withdrawal. In managing opioid addiction,
withdrawal mitigation strategies are key to ultimate
cessation of opioid usage. Withdrawal symptoms
such as extreme anxiety, fear, aversion, and pain
can be terrifying to opioid-dependent individuals.
Even in those individuals who urgently want to stop
taking opioids, the fear of such symptoms is among
the main reasons they continued to abuse opioids.44

StaGES of opIoId dEpEndEncE

There are four stages of opioid dependence that
require surveillance, eg, (1) initiation, (2) stabiliza-
tion and maintenance, (3) withdrawal (detoxifica-
tion) and (4) relapse prevention.
Initiation of opioid dependence: Here, the

goal is to withhold opioids completely while pro-
viding nonopioid therapies. This stage often occurs
from overprescribing opioids stemming for relief of
both acute and chronic pain.
Stabilization or maintenance is accomplished

by opioid substitution treatments using FDA-
approved drugs, methadone, or buprenorphine in a
way to ensure that the drug use becomes independ-
ent of mental state such as craving and mood as
well as finance and physical location. Access to easy
enrollment and maintenance in such programs
helps prevent reliance on street heroin and pro-
motes retention but reports of long-term outcomes
are lacking.161 Clearly, there is need for alternate
means to improve stabilization. In this respect, the
concurrent administration of JD for 30 min 2 to 3
times a day might be helpful because NO release
from cerebral endothelium down-regulates the
action of norepinephrine, a molecule responsible
for the adverse symptoms of opioid withdrawal.162

Withdrawal: Recently, FDA-approved lofexidine
administration for up to 14 days usage for treatment of
opioid withdrawal.171 This drug belongs to the class of
a2-adrenoceptor agonists that are approved for treat-
ment of hypertension. Drugs in this class suppress
symptoms related to outflowing of norepinephrine
from the central nervous system associated with opioid
withdrawal. Since 1980, clonidine, a drug used for
hypertension and of the same class as lofexidine has
been an off-label therapy for symptomatic relief of the
opioid withdrawal syndrome.44,163-165

Prevention of relapses: Injected naltrexone, an
opioid antagonist, offers prevention after inpatient
detoxification but with mixed long-term success.166

To summarize, current technologies have not
made a major impact on treatment of OUD or its
combination with chronic pain. With exception of
the initiation stage which relates mainly to overpre-
scribing opioids and providing inappropriate, long-
term prescriptions, Gentle Jogger JD as described in
this review has potential to be the first safe, nonin-
vasive device to be useful through the initiation, sta-
bilization and maintenance, withdrawal and relapse
prevention phases of opioid dependence. It should
be recalled that opioids promote accelerated vascu-
lar ageing, oxidative stress, inflammation, and
impaired QoL including physical inactivity and
therefore can be considered cofactors affecting opi-
oid dependence.120,144,167 The JD technology miti-
gates the preceding by providing effortless physical
activity even during uninterrupted prolonged sitting
while reducing oxidative stress and inflammation by
increasing bioavailability of NO and upregulating
antioxidant defenses.49,56,65,168-170

a2 adREnocEptoR aGonIStS In opIoId uSE 
WItHdRaWal

a2 adrenoceptor agonists play an important but
limited role in management of OUD. This is because
they have not been approved by FDA for all stages
of stabilization, tapering, and relapse prevention.
Chronic intake of high-dose opioids produces tol-

erance to its effects leading to taking higher doses to
achieve sufficient analgesia thereby risking over-
sedation and respiratory depression. Chronic opioid
exposure modulates neurons in the brain stem that
stimulate wakefulness, respiration, blood pressure,
and general alertness. Many such neurons are nora-
drenergic in function along with high density of
presynaptic µ-opioid receptors. When these µ-opioid
receptors are stimulated by large amounts of opioid
agonists as occurs in tolerance and overdose, such
neurons suppress their normal release of norepi-
nephrine thereby causing drowsiness, decreased res-
piratory drive, and lowered blood pressure. Sudden
removal of the opioid-induced inhibition of these
cells causes excessive release of norepinephrine that
elicits jitters, anxiety, increased respiratory rate and
blood pressure, muscle cramps, and diarrhea. This
phenomenon has been confirmed by the finding of
elevated plasma levels of MHPG (3-Methoxy-4-
hydroxyphenylglycol), the major metabolite of nor-
epinephrine.172 Other symptoms of sudden with-
drawal include hypersensitivity to pain, irritability,
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insomnia, skin piloerection, and an influenza-like
syndrome characterized by rhinorrhea, lacrimation,
and myalgias due to opioid removal from other
brain regions.
a2 adrenoceptor agonists require the presence of

brain eNOS for their central activity. In eNOS
knockout mice, in which eNOS is absent, the central
hypotensive effect of injected dexmedetomidine (an
a2 adrenoceptor agonist) is abolished. In the pres-
ence of eNOS, this drug that has analgesic and seda-
tive properties also decreases need for medically
related opioid consumption.173-175 Thus, eNOS is
required for the central hypotensive effect, the seda-
tive and analgesic effects of a2 adrenoceptor ago-
nists. Norepinephrine outflow from the brain is
upregulated in opioid withdrawal as well as during
inadequate opioid dosing in stabilization and taper-
ing of opioid dosing thereby giving rise to vasocon-
striction and withdrawal symptoms. Both the pas-
sive-simulated JD and exercise-stimulated cerebral
eNOS by increasing endothelial shear stress pro-
mote the release of NO from cerebral endothelium.
These activities produce central vasodilation that
counteracts vasoconstriction caused by norepineph-
rine. This highlights the potential for JD acting alone
or together with a2 adrenoceptor agonists to facili-
tate opioid stabilization, tapering and withdrawal,
and relapse prevention.61,161,176-178

paIn and opIoId dEpEndEncE

In recent years, the prevalence of chronic pain has
been worsening rather than improving. Both patients
and medical practitioners often labor under the mis-
taken idea that most pain problems can be fixed with
a drug or procedure. Patients are often regarded as
passive participants with little emphasis placed on
therapies that engage pain preventive and self-care
strategies. The current opioid crisis, fueled in large
part by physicians overprescribing opioids for pain
relief, has brought about the issue of managing
chronic pain in the presence of opioid dependence.
Such patients often continue to experience severe
pain despite long-term administration of high-dose,
opioid therapy. Further, high prevalence of prior
SUDs, psychiatric and medical comorbidities
 compound this issue. There is urgent need of plans to
treat disabling, chronic pain in individuals with co-
existing opioid dependence, and medical co-mor-
bidities.40,170 About 12.5 percent of the 92 million US
adults who took prescription opioids in 2015 misused

them. Although those without prescription opioid
use disorder reported pain as the most common rea-
son for misuse (63 percent), more than half of the rest
cited other reasons, such as “relaxing” and “getting
high.” As the opportunity to access prescription opi-
oids is waning among individuals with OUD, concur-
rent taking of street heroin is steadily increasing.
Although it is often assumed that chronic pain pre-
cedes onset of SUDs, it appears that SUDs typically
precedes onset of chronic pain among those individ-
uals with both conditions.20,179

tRanSItIon fRoM EaRlY to EStaBlISHEd cHRonIc paIn

Psychosocial pain factors. Early development
of chronic pain is associated with (1) stress, (2)
physical inactivity, (3) belief in persistent injury, (4)
falls and fear of falling, (5) fear of physical activity,
and (5) over-reliance on pain medications.
Comorbidities. Chronic pain becomes established

in the presence of (1) psychiatric disorders, (2) medical
illness with significant psychological impact, (3) de pen -
dence, SUD, and (3) various prescribed medications.
Disabling chronic pain, particularly among those

with SUD, often presents as multimorbidity involv-
ing varying combinations of several chronic pain
conditions, psychiatric and medical comorbidities,
polysubstance, and medication dependencies. Such
patients are at risk to suicide, overdose, and all-
cause mortality. Isolated focus on a single issue or
limited set of issues like pain and SUD without coor-
dinated treatment of multiple comorbidities is
unlikely to lead to sustained benefit. Disabling
chronic pain requires specialized healthcare, a full
discussion which is beyond the scope of this paper.
In a related comment, Manhapra and Becker41 stated
“It is essential to recognize that traditional biomedically
oriented treatment with a focus on pharmacotherapy
and passive interventions should be abandoned as the
primary treatment of chronic pain, especially50 among
those with comorbid SUD/medication dependence.
“Reexplaining pain,” a psychological teaching tool, fol-
lowed by the effective management of SUD/medica-
tion dependence, co mor  bidities, and polypharmacy,
combined with simple behavioral activation (eg, walk-
ing 30 minutes twice a day at a comfortable speed),
are effective for many patients.” According to Sackner
et al.49, using JD to increase pulsatile shear stress to
the endothelium has greater effectiveness for pain
relief than leisurely walking. Chronic pain, one of the
commonest reasons that adults seek medical care, has
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been linked to restrictions in mobility and daily activi-
ties, dependence on opioids, anxiety and depression,
and poor perceived health or reduced QoL. Chronic
pain among US adults ranges from 1 percent to 40
percent. High-impact chronic pain is characterized by
its limitation of life or work activities.

neuropathic and inflammatory pain

Noxious stimuli are detected by sensory nerve
fibers called nociceptors that are free nerve endings
which terminate in the superficial layers of the dor-
sal horn of the spinal cord.
Clinical pain arises either from damage to the

nervous system (neuropathic pain) or neuroinflam-
mation (inflammatory pain). Neuropathic pain, a
clinical diagnosis, refers to pain caused by pathol-
ogy of the central or peripheral nervous system.
Such pain is typically described as shock-like or
burning in nature, often with hyperalgesia (an
increase in the response to noxious stimuli), and
allodynia (the presence of pain in response to nor-
mally innocuous stimuli). A wide variety of painful
conditions have a component of neuropathic pain,
that include traumatic injury, nerve compression,
radiculopathies, cancer metastases, diabetic neu-
ropathy, postherpetic neuralgia, and HIV-associated
neuropathy among others. Inflammatory pain has
classically been understood as pain secondary to
inflammation from tissue damage. Treatment
approaches may differ depending on the type of
pain identified. However, the two pain types may
merge since inflammation at an affected nerve may
play a role in mediating neuropathic pain.
Peripheral nerve damage activates glial cells, which
release inflammatory mediators and stimulate pro-
duction of pain signaling molecules such as gluta-
mate, substance P, and calcitonin gene-related pep-
tide. Prolonged release of proinflammatory
mediators causes central nervous system changes
that may result in neuropathic pain. Thus, distinc-
tions between the two pain types becomes blurred
as various shared mechanisms are identified.
Inflammation produces release of a variety of agents

(bradykinin, cytokines, eicosanoids, serotonin, hista-
mine, cations), that lead to nociception. The pharmaco-
logical control of inflammatory pain is based upon two
strategies. The first involves drugs that inhibit nocicep-
tor sensitization, and therefore, hypernociception
which is the main action of aspirin that, by inhibiting
cyclooxygenases, prevent nociceptor sensitization.

The second strategy involves directly blocking
ongoing pain, resulting in antinociception as
achieved by opioids and NO. Although NO medi-
ates nociception and is unequivocally involved in
central sensitization; experimental and clinical
investigations indicate that NO is also capable of
analgesia. The antinociceptive effect of NO is con-
sistent, and its clinical application is an important
pain therapy strategy. Further, modification of pre-
existing analgesic and anti-inflammatory drugs by
the addition of NO-releasing moieties improves the
analgesic efficacy of these drugs as well as reducing
their side effects. Nitric oxide plays a complex and
diverse role in the modulation of nociceptive trans-
mission in both the peripheral and central nervous
system. The mechanisms involved in the nocicep-
tive as well antinociceptive effects of NO have not
yet been fully characterized, and their discussion is
beyond the scope of this paper. Nevertheless, there
is strong evidence that NO induces analgesia and
also mediates the peripheral and central antinoci-
ceptive effect of analgesic compounds, such as opi-
oids and anti-inflammatory drugs.168 Immune sys-
tem activation has been shown to facilitate and
increase neuropathic pain. Several pro-inflamma-
tory cytokines, including TNF-a, IL-1β, IL-6, and IL-
17, are increased in animal models of neuropathic
pain as well as in the cerebrospinal fluid and blood
of patients with chronic neuropathic pain condi-
tions. Therefore, pharmacologically lowering the
levels of inflammatory cytokines may reduce pain,
which has been demonstrated for various cytokines
in both animal and clinical studies.180

cHRonIc paIn pREValEncE

As many as 20 percent to 50 percent of postpubertal
adolescents suffer from persistent pain. In young
adults, prevalence estimates for any pain in the previ-
ous 6 months are 77 percent, whereas chronic and dis-
abling pain estimates range from 4 percent to 14 per-
cent. Disabling pain in young adults remains poorly
characterized but QoL is reduced and associated with
number of pain sites and intensity. With respect to
additional key health behaviors that may impact pain
interference in young adults, these include cigarette
smoking, alcohol use, poor sleep quality and quantity,
and obesity. Back pain is the most commonly location
for pain, comprising 60 percent of primary pain loca-
tion, with most of unknown etiology.181 Estimates of
prevalence vary widely such that chronic pain may be
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present in approximately 100 million US adults.
Twenty million US adults have high-impact chronic
pain, with higher prevalence among women, older
adults, previously but not currently employed adults,
adults living in poverty, adults with public health
insurance, and rural residents as well as those with
lower levels of education and among adults with pri-
vate health insurance.39

Increased oxidative stress and inflammation 
in chronic pain

Chronic pain, refractory to over-the-counter anal-
gesic drugs is a major health issue. While selective
cyclooxygenase-2 (COX-2) inhibitors are effective in
certain types of chronic pain, their usefulness is limited
owing to their increased risks of myocardial infarction
and stroke. The clinical utility of opioids is hampered
by rapid onset of dependence and analgesic tolerance.
The latter necessitates escalating the amount and fre-
quency of opioid dosing to achieve desired analgesia.
Prolonged administration of opioids produces debilitat-
ing side effects of over-sedation, physical inactivity, res-
piratory depression, constipation, and addiction.147

Despite their sedative action association with physical
inactivity, little attention has been paid to this harmful
side-effect of opioid dependence.
Both opioid dependence and physical inactivity pro-

mote oxidative stress, inflammation, and endothelial
dysfunction.167,182-184 Such factors contribute to patho-
genesis of noncommunicable diseases and premature
mortality. Whether they are additive or synergistic in
action has not yet been determined but considerable
evidence implicates oxidative stress of superoxide (SO)
and peroxynitrite (PN) as contributing to chronic pain
and transition from acute to chronic pain. Increased
pulsatile shear stress as occurs with JD inhibits SO and
PN formation with potential to prevent and reverse the
characteristic pathologies associated with inflammatory
pain, neuropathic pain, and opioid-induced hyperalge-
sia and tolerance.185

opioids in presence of chronic pain

In 2014, US retail pharmacies dispensed 245 million
prescriptions for opioid pain relievers. About 65
percent were for short-term therapy (<3 weeks), but
longer-term opioid therapy was prescribed for 3-4
percent of the adult population (9.6 million to 11.5
million persons). Benefits of opioids prescribed for
chronic pain are much more questionable. Repeated

administration of any opioid almost inevitably
causes tolerance and physical dependence. Short-
term results of repeated opioid administration
resolve rapidly after discontinuation of opioids, ie,
in a few days to a few weeks, depending on the
duration of exposure, type of opioid, and dose. The
rewarding effects of opioids play a major role in the
risks of opioid diversion, overdose, and addiction.
These risks are present with all opioids and with all
pain diagnoses. No single or simple change in pre-
scribing behavior can be expected to alleviate all
risks while managing pain. Strategies that can help
mitigate risks include limiting the prescribed opioid
to the lowest effective dose for the shortest effective
duration for both acute and chronic pain. Regular
monitoring and reassessment minimize risks of long-
term opioid use by tapering and discontinuing opi-
oids among patients who are not receiving clear ben-
efits or among those who are engaging in practices
that increase the risk of overdose such as substance
abuse. Estimates of iatrogenic addiction vary consid-
erably from less than 1 percent to more than 26 per-
cent. About 4 percent of individuals who are addicted
to prescription opioids transition to heroin, possibly
because heroin is typically cheaper and often easier to
obtain than dispensing of prescription opioids which
are highly regulated by governmental agencies. Unlike
tolerance and dependence, addiction is not predictable
as a result of opioid prescribing.186

In an FDA statement released in April 2019, the
agency stated it is adding a warning about sudden
discontinuation of use to the prescribing informa-
tion of opioid painkillers such as OxyContin (oxy-
codone), Vicodin (hydrocodone), morphine, and
other drugs. “Rapid discontinuation can result in
uncontrolled pain or withdrawal symptoms,” the
agency explained. “In turn, these symptoms can lead
patients to seek other sources of opioid pain medi-
cines, which may be confused with drug-seeking for
abuse. Patients may attempt to treat their pain or with-
drawal symptoms with illicit opioids, such as heroin,
and other substances.” The new guideline is meant to
help doctors allow patients who no longer require
an opioid to safely wean themselves off the drug–
cutting their risk for withdrawal symptoms. It might
be worthwhile to initiate administration of JD during
this process.
Patients with OUD maintained on methadone have

greater chronic pain than the general population. In a
methadone-maintenance clinic comprising 227
patients, 60 percent reported chronic pain and needed
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a higher mean methadone dose, than those without
chronic pain. Pain was primarily located in the lower
extremities (59 percent) and back (51 percent).
Only 13 percent of patients with pain received

pain management, and few were being treated with
any nonopioid adjuvant analgesics. Yet patients
who received treatment reported 51 percent
improvement of pain. This indicates that more
efforts should be directed to provide standard pain
management techniques to patients with OUD to
reduce their overall level of pain and potentially
improve their treatment outcomes.187 For chronic
pain management in opioid-dependent patients, their
discontinuation requires dose tapering to prevent
symptoms of withdrawal. In some patients, repeated
use of opioids produce hyperalgesia, a state of
heightened pain sensitivity. Hyperalgesia can lead to
inappropriate increases in opioid dosing which exac-
erbates rather than ameliorates pain. If hyperalgesia
occurs, dose tapering or tapering to discontinuation
is the preferred approach to pain relief.18

cHRonIc and SuBacutE paIn condItIonS

Chronic and subacute pain conditions have path-
ogenic, genetic, or biologic origins for their basis or
an idiopathic source for the symptoms. Chronic
pain defined, as persistence greater than 90 days,
includes various forms of arthritis, connective tissue
diseases, postherpetic neuralgia, peripheral neu-
ropathy, Duchenne muscular dystrophy, and sickle
cell anemia, as diagnosed through biologic or
inflammatory markers, radiologic evidence, or tis-
sue damage. Idiopathic conditions, that often rely
entirely on subjective complaints, include complex
regional pain syndrome, fibromyalgia, chronic
widespread pain, chronic low back pain, and
chronic pelvic pain. Chronic pain is often associated
with fatigue, sleep disturbances, cognitive deficits,
and depression. The duration of subacute pain is
from a day up to 90 days and includes DOMS, plan-
tar fasciitis, and sickle cell anemia.40,188-190

Physical activity benefits chronic pain, sleep, cog-
nitive function, and physical function. It tends to
reduce the economic impact of chronic illness
through improvements in overall well-being, inde-
pendence, and reduced healthcare seeking and
workplace absenteeism. Overall health benefits
occur regardless of whether physical activity is
accomplished via low intensity physical activities of
daily living, or higher intensity exercise associated

with cardiovascular fitness. Since no single modality
provides overwhelming symptomatic relief for
chronic pain, a combination of pharmacological and
nonpharmacological therapies often is most effec-
tive.40,170

In recent years, it has become apparent that
reduction of physical inactivity may have a greater
impact on risk of chronic pain than adhering to
physical activity recommendations. Physical inactiv-
ity or sedentary behavior is ubiquitous at all ages,
rendering many chronic diseases once thought to be
confined to older populations increasingly common
in younger age groups. Further, the sedative action
of opioid use contributes to physical inactivity
although this factor has not been quantified. But in
elderly adults, each additional daily hour of inactiv-
ity is estimated to produce 46 percent greater odds
of disability including chronic pain to adversely
affect activities of daily living. Daily bursts of mod-
erate-vigorous physical activity as recommended by
the AHA do not negate the harms of long, continu-
ous hours of sedentary behavior exemplified by
prolonged uninterrupted sitting. Minimizing the
daily hours spent sitting emerges as the most impor-
tant factor for both primary and secondary preven-
tion of chronic diseases along with capability of
slowing disease progression.40,191 Interrupting pro-
longed sitting every 20-60 min by arising from a
chair and walking about for 2-3 min prevents
endothelial dysfunction and minimizes oxidative
stress, contributing factors to chronic pain.184,192

However, adherence to breaking up sitting time
with intermittent walking is a behavioral change
that poses a major challenge to both nonaddicted
and opioid-addicted individuals. Usage of JD during
uninterrupted sitting is a partial solution to physical
inactivity without a behavioral change but not a
substitute for physical activity.49

In 2010, estimated annual costs related to chronic
pain were $560-635 billion in combined medical
costs, lost earnings, disability, and lost productivity.
The most common chronic pain conditions in the
United States and the leading global causes of dis-
ability of most countries in 2015 were low back and
neck pain, osteoarthritis, and headache. The costs
of chronic pain of arthritis in the United States were
over $189 billion annually. Chronic pain from arthri-
tis is present in more than 22 percent of adults and
in nearly half of adults older than 65 years.
Furthermore, 24-58 percent of adults with arthritis
are physically inactive.40
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paIn RElIEf of α2 adREnocEptoR aGonIStS

In 1970s, drugs belonging to this class were found
to provide pain relief, sedation, anxiolytic, and anti-
hypertensive effects without side effects of euphoria
and addiction. Clonidine and lofexidine examples of
these drugs were approved by FDA for treatment of
hypertension but not for opioid addition.
Subsequently, it was discovered that they also inhib-
ited symptoms of sudden opioid withdrawal related
to the attendant large outflow of norepinephrine into
the circulation. As an off-label application, clonidine
and lofexidine decreased plasma norepinephrine lev-
els as measured by elevation of its MHPG metabo-
lite.172 About 25 years later, another drug of this class,
dexmedetomidine, was utilized off-label to suppress
opioid withdrawal symptoms in infants.164,193,194 a2
adrenoceptors agonists have varied degrees of
antinociception but require presence of phosphory-
lated eNOS for pain relief.162,195 JD increases physical
activity as measured by increased oxygen consump-
tion (unpublished observations) which increases
release of NO with potential to aid in all stages of opi-
oid addiction through up-regulation of eNOS.49,63 a2
adrenoceptor agonists like clonidine, lofexidine, and
dexmedetomidine have the qualitative profile for
symptomatic treatment of both chronic pain and opi-
oid addiction in large part by suppressing endoge-
nous norepinephrine levels.172 The latter is accom-
plished through increased NO bioavailability derived
from eNOS.
Repeated opioid intake leads to complex adapta-

tions in the brain and the gastrointestinal system,
that has mu opioid receptors which contribute to
diarrhea, nausea, and vomiting during withdrawal.
Once OUD or physical dependence is recognized
and the patient requests or consents to treatment, a
long-term treatment strategy must be defined since
it is a chronic disorder that often requires long-term
or even life-long treatment. Management of acute
withdrawal is the first step during opioid discontinu-
ation or tapering of dose and its frequency. For
patients on short-acting opioids, withdrawal symp-
toms emerge within 18-24 h of the first missed dose.
Failure to promptly manage them may cause
patients to abandon their recovery attempt at the
outset. Detailed discussion of treatment of OUD
after the early phase of opioid withdrawal is beyond
the scope of this review because of the multifactor-
ial considerations.196 a2- adrenoceptor agonists
such as clonidine are the mainstay of nonopioid

support since they specifically target the constella-
tion of symptoms generated by opioid withdrawal-
induced noradrenergic hyperactivity. Unfortunately,
a dose regimen for clonidine or related drugs has
not been established owing due to lack of FDA
guidance. The maximum daily doses of clonidine
range from 0.9 to 1.35 mg divided over various dos-
ing schedules. For severe withdrawal symptoms,
much higher doses may be required repeated as
often as hourly if needed by a clonidine-experi-
enced physician to get anxiety and other withdrawal
symptoms quickly controlled.196 Here, experience is
necessary because two variables are being altered
during the same time period, the native opioid dose,
and the a2 adrenoceptor agonist which also has its
own share of side-effects.
JD offers an evidenced-based holistic approach

for treatment of concurrent opioid addiction and
pain. This NO-based generating technology has
potential as a stand-alone solution or an adjunct to
current pharmacological and nonpharmacological
therapies. Administration of the low risk, JD can be
begun anytime during tapering or withdrawal of
opioids where only the dose and frequency of
administration of the opioid addictive drug is varied.
JD is devoid of side-effects and can be safely given
two to three times a day for 30-60 min each time or
at more frequent intervals and lengthier times. Since
JD produces effective antinociception while inhibit-
ing norepinephrine activity, it has potential to make
a major impact in control of opioid addiction by
attention to both pain and addiction.
Nonpharmacological approaches have been rec-

ommended for treatment of chronic pain that
include increase of physical activity, cognitive
behavioral therapy, movement therapies, and
acupuncture but do not address the issue of ele-
vated norepinephrine levels. With exception of
acupuncture, these measures require behavioral
changes that pose issues with adherence. The
effects of acupuncture on chronic pain relief are
small and independent of placement of the needles
between acupuncture points and nonpoints.
Therapies once considered “alternative” such as

mindfulness meditation, yoga, relaxation, and
movement therapies (Tai Chi, Qigong) provide mini-
mal to no relief in the case of chronic back pain.197-199

Opioid effectiveness for pain management has
stood the test of time, but its usage has been ham-
pered by unwanted pharmacological effects of craving
and euphoria, physical dependence and addiction,
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sedation, impaired cognition, severe constipation,
respiratory depression, and lethal overdose. As yet,
there has not been any opioids discovered or syn-
thesized with minimal or absent addicting proper-
ties and solely analgesic effects.

SElEctEd cHRonIc and SuBacutE paIn condItIonS
WItH RISK of opIoId uSE dISoRdER

Successful management of both addiction and
chronic pain requires healthy endothelial function
and/ or improvement of endothelial dysfunction. The
latter is often associated with an unhealthy lifestyle
focused on factors contributing to hypertension, car-
diovascular diseases, and type 2 diabetes such as (1)
poor nutrition, (2) inadequate physical activity, (3)
smoking, (4) obesity, and (5) excessive alcohol con-
sumption. Simultaneous correction of all five of these
adverse lifestyle behaviors is achieved by less than 2
percent of American adult. This indicates the difficulty
in adhering to a healthy lifestyle and consequent need
for effortless interventions like JD. Unlike recommen-
dations by governmental and nongovernmental bod-
ies for physical activity, guidance for reducing physi-
cal inactivity have not yet been addressed.30,200,201 The
effortless intervention during inadequate physical
inactivity with the GENTLE JOGGER addresses one of
the unhealthy lifestyle considerations. The beneficial
effect of NO as antinociceptive in selected clinical sit-
uations while applying the motion platform rather
than opioids is summarized below.

osteoarthritis

Osteoarthritis (OA) is the most common degener-
ative joint disease, that occurs in more than 25 per-
cent of the population over 18 years. The etiology of
OA includes joint injury, obesity, aging, and hered-
ity. Because the molecular mechanisms involved in
OA initiation and progression remain poorly under-
stood, there are no current interventions to restore
degraded cartilage or decelerate disease progres-
sion. OA is the most prevalent joint disease associ-
ated with pain and disability. It is expected that 25
percent of the adult population, or more than 50
million people in the United States, will suffer from
OA by 2020 and that OA will be a major cause of
morbidity and physical limitation among individuals
over the age of 40 years major clinical symptoms
include chronic pain, joint instability, stiffness, and
radiographic joint space narrowing.202

In a clinical comparison of opioid and nonopioid
drugs for relief of pain in osteoarthritis, therapy
comprised the following. In the opioid group,
immediate-release morphine, oxycodone, or
hydrocodone/acetaminophen is administered while
for the nonopioid group, acetaminophen (paraceta-
mol), or a NSAID was utilized. The primary out-
come was pain-related function (brief pain inven-
tory (BPI) interference scale) over 12 months and
the main secondary outcome was pain intensity
(BPI severity scale). It was found that treatment with
opioids was not superior to treatment with nonopi-
oid drugs for improving pain-related function over
12 months. Such results do not support initiation of
opioid therapy for moderate to severe chronic back
pain or hip or knee osteoarthritis.203 Conventional
nonpharmacologic treatments such as weight loss
and exercise support the use of these treatments in
patients with knee osteoarthritis.204 The effect of
exercise varies according to the type of exercise and
target outcome. Aerobic or mind-body exercise
might be best for pain and function improvements.
Strengthening and flexibility/skill exercises might be
effective for multiple outcomes.205

There is evidence that in cultured chondrocytes
the addition of exogenous NO may inhibit proin-
flammatory activation by preventing the nuclear
localization of the transcription factor nuclear fac-
tor-κB. Under some conditions, exogenous NO can
stimulate collagen synthesis in cultured rat fibrob-
lasts and human tendon cells. The protective roles
of NO in multiple cell types, along with the oppos-
ing activities in cultured chondrocytes, suggest that
NO may play additional protective roles in chondro-
cyte function.206

WBPA and JD have two attributes with potential
to alleviate chronic pain associated with osteoarthri-
tis, eg, increased physical activity and antinocicep-
tion related to an increase of NO bioavailability. In
confirmation of this assertion, eight patients with
osteoarthritis of the hips and/or knees were treated
with WBPA for 45 min administered 5 days a week
for 2 weeks. The SF36v2™ health-related quality of
life (HR-QOL) questionnaire was administered prior
to treatment and on the last day, and scores were
compared between the 2 days. Statistical improve-
ments after treatment with WBPA were observed in
three of the eight categories of the SF26v2: role
physical (RP), bodily pain (BP), and vitality (VT).
Prior to WBPA administration, all three values

were significantly reduced compared to normative
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values. Improvement after WBPA for osteoarthritis
included Role Physical (RF), Bodily Pain (BP), and
Vitality (VT). The improvement for the preceding
measures exceeded the mean normal values for
such measures. Thus, treatment with WBPA for 2
weeks significantly improved vitality, relieved pain
and improved role physical in osteoarthritis.
(Sackner MA, Adams, JA: Whole body periodic
acceleration relieves pain and improves vitality in
chronic pain conditions. Pain Management 81, 2010
unpublished abstract). In patients with osteoarthritic
chronic pain in whom opioids can be justified for
preservation of a satisfactory QoL, utilization of JD
has potential to reduce opioid dosage.

fibromyalgia

Fibromyalgia affects up to 15 million Americans
and 3.6 percent the world population, is more
prevalent in females than males (9:1 ratio) and is
usually diagnosed between ages of 20 and 50. Its
major symptom is chronic widespread pain with
multiple tender points. Fatigue, morning stiffness,
and poor sleep quality are associated symptoms.
The cause and etiology are not known but there is
evidence of increased oxidative stress, chronic
inflammation, and decreased blood flow. Pain
appears to be centrally mediated with inappropriate
heightened pain processing.
The basis for increased oxidative stress and

chronic inflammation accompanying physical inac-
tivity in general as well as in patients with
fibromyalgia has been investigated in the al-Andalus
Project.207 This project was designed to discriminate
between presence or absence of fibromyalgia in
patients by determining their ability to perform a
specific set of physical fitness tests, such as arm curl,
handgrip strength, 30-s chair stand, back scratch,
and 6-min walk. The study group consisted of 566
fibromyalgia women and 249 healthy control
women as well as 24 fibromyalgia men and 56
healthy control men in southern Spain.
Segura-Jimenez, et al.207 investigated the amount of

time spent in sedentary behavior, mostly involving
uninterrupted sitting, in patients with fibromyalgia
using accelerometers.
Fibromyalgia patients took fewer steps/day com-

pared to the control subjects. Only 16 percent of
these patients walked at least 10,000 steps/day com-
pared with 45 percent of control subjects.
Women who constituted most of the patients with

fibromyalgia spent a far greater time in sedentary
behaviors and were less physically active than their
age-matched controls. In a study of 1,700 adults with
fibromyalgia, it was found that opioids were inferior to
nonopioid analgesics for pain relief.208

We investigated the effects of WBPA in fibromyal-
gia patients using the Fibromyalgia Impact
Questionnaire (FIQ) as the primary endpoint, a dis-
ease-specific measure that assesses subjects’ percep-
tion of their physical function, pain, fatigue, stiffness,
depression, anxiety, and overall well-being. Nineteen
fibromyalgia patients who received WBPA were
treated in sessions lasting 45 min, 5 days a week for 4
weeks, totaling 20 treatments. As the primary out-
come measure, the favorable change of Fibromyalgia
Impact Questionnaire as well as pain score between
baseline and week 4 for WPBA was within the range
of pharmacotherapies including pregabalin, the most
widely prescribed drug in the United States for
fibromyalgia.80,209 Secondary outcomes of the preced-
ing study included (1) brief fatigue inventory (BFI)
score, (2) BPI score, (3) morning stiffness, (4)
patients’ satisfaction with information questionnaire,
(5) self-rating depression scale (SDS), and (6) self-rat-
ing anxiety scale (SAS). With exception of SDS that
showed no significant change, all the others showed
statistical improvement most marked for relief of
morning stiffness.80,210-215

peripheral arterial disease

Peripheral arterial disease (PAD) accounts for
approximately 20 percent of the 35 million total
yearly hospitalizations in the United States.216 The
prevalence of PAD in the United States has not been
precisely reported but has been estimated at
approximately 15 million adults over age 40 years.
The limb manifestations of PAD induce consider-
able suffering related to intermittent claudication,
characterized as exertional leg pain that limits walk-
ing distance. Current recommended medical therapies
that reduce these lower extremity symptoms have
been limited to structured exercise and oral adminis-
tration of cilostazol. Revascularization by endovascular
intervention or surgical reconstruction treats lifestyle-
limiting claudication if patients are unresponsive to
such medical therapies. Lower extremity revasculariza-
tion with endovascular ap proaches has undergone a
dramatic increase in use but there are significant
risks, and durability may be limited, especially in
infra-inguinal disease. The mechanisms that lead to
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intermittent claudication in PAD are complex and
include reduced limb perfusion, systemic inflamma-
tion, oxidative stress and endothelial dysfunction,
impaired angiogenesis, reduced microcirculatory flow,
and skeletal muscle dysfunction.217 These abnormali-
ties are potentially minimized or reversed by admin-
istration of WBPA or JD.
Intermittent claudication (IC) is marked by repro-

ducible pain affecting muscles of the lower extremi-
ties that begins and increases with activity and
resolves with rest. The clinical goals of IC manage-
ment include increasing walking distance and
improving QoL. In addition, two drugs have been
approved by FDA for treatment of IC, eg, oral
cilostazol and pentoxifylline. In 239 patients with IC
and moderate severity of PAD, baseline walking dis-
tance at baseline was 237m. After 16 weeks of orally
administered cilostazol and 12 h after the last dose,
walking distance increased 47 percent over the
baseline obtained 16 weeks earlier.218

Structured exercise improves walking distance in
PAD through multiple effects on both vascular and
skeletal muscle function including reversal of
endothelial dysfunction and reduction of oxidative
stress.219 A patient-centered approach combining
medical treatment, exercise intervention, and selec-
tive use of revascularization can reduce limb symp-
toms and improve QoL. The required level of exer-
cise intensity remains elusive but asking patients to
walk to near-maximal pain limits adherence to an
exercise program owing to their exposure to
episodic pain and discomfort.220

Critical limb ischemia (CLI), a subset of PAD, is
marked by persistent ischemic pain at rest, tissue loss,
or gangrene and hypoperfusion of the lower extrem-
ity. Approximately 1 percent to 3 percent of patients
or up to about 450,000 PAD patients yearly have con-
current CLI. However, with increasing life expectancy
and high prevalence of such risk factors as type 2 dia-
betes, obesity, and sedentary lifestyle, these numbers
are likely to increase in the future. CLI is associated
with significant mortality, morbidity, increased utiliza-
tion of health care resources, decreased QoL, immo-
bility, amputation, and ultimately death.221 Mortality
rates as high as 20 percent within 6 months from diag-
nosis and exceeding 50 percent at 5 years have been
reported for CLI, whereas 1-year mortality rates in
nonrevascularizable, so-called no-option CLI patients
range from 10 percent to 40 percent. The high mortal-
ity rates exceed those for every other form of occlu-
sive cardiovascular disease, including symptomatic

coronary artery disease (CAD) and reflect the systemic
atherosclerotic burden associated with CLI. Besides
poor survival rates, prognosis with respect to limb
preservation in CLI patients is markedly reduced par-
ticularly in no-option CLI patients, where 6-month
major amputation rates range from 10 percent to 40
percent.222 Clearly, there is a high priority need for
other medical therapies for these conditions.
One potential PAD therapy is WBPA with its capa-

bility of improving endothelial dysfunction and
reducing oxidative stress.65 Using WPBA technology
in a study of six patients with severe PAD, the mean
baseline pain-free, walking distance on an inclined
treadmill distance was 57 m and the maximum walk-
ing distance 93 m. After WPBA was administered 40
min 5 days a week for 5 weeks (25 treatments), the
pain free walking distance increased 15 percent and
maximal walking distance 21 percent.75 The minimal
improvement of walking distance with WPBA might
have been due to the low baseline walking distance
that suggests a high degree of PAD severity. In
another study of WBPA in patients with PAD treated
one or 7 days there was a significant increase of skin
blood flow to the lower extremities.69 A clinical trial
of JD administered twice daily in PAD is warranted in
a home environment.
In 18 of 34 patients with severe PAD, high-pres-

sure, intermittent pneumatic compression (HPIPC)
was applied to the foot and calf 60 min twice daily
for 16 weeks versus standard care that consisted of
walking for 20 min twice daily for 16 weeks. HPIPC
delivered bilateral compression pressures of 120
mm Hg. Cycle times provided sequential compres-
sion for 4 seconds followed by a 16-second rest
period, resulting in a 20-second cycle or 3 cycles per
minute. The primary endpoint was peak walking
time (PWT), defined as time to maximally tolerated
claudication pain. At 4 weeks, the percent change
from baseline in PWT did not vary significantly
between treatment groups, viz., 18 percent for HPIC
and 17 percent for standard care. After 8 weeks, the
percent change in PWT for the HPIPC group was 41
percent compared to 32 percent for the group
receiving standard care (p > 0.05). At the 16-week
time point the percent change from baseline in PWT
was significantly different between treatment arms 36
percent for the standard care group and 55 percent for
the HPIPC group receiving (p < 0.05).223 Therefore, the
daily, duration of treatment for HPIPC and the lengthy
time period of 16 weeks to achieve significant improve-
ment limit its clinical utility.224
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External counterpulsation (ECP) technology consists
of an apparatus enclosing a programable air pump that
inflates a garment which compresses the lower half of
the body with each heartbeat such that a pulse is added
to the natural pulse in the circulation, thereby doubling
the number of pulses. This process enhances shear
stress to the endothelium that increases blood flow and
improves endothelial function. If ECP is administered
to patients with PAD, high pressures up to 300 mmHg
attendant with ECP can cause hypoperfusion of the
already ischemic limb. As a remedy, Buschmann and
associates modified the standard 3-cuff inflation to 2-
cuffs wrapped around the hip and thighs and applied
pressures from 120-160 mmHg. They called this tech-
nology “individual shear rate therapy (ISRT).”224 Both
the initial claudication distance (ICD) and absolute
claudication distance (ACD) measurements were
obtained by treadmill walking tests at baseline and after
10, 20, and 30 h of ISRT in 14 patients with PAD. The
ICD was defined as walking distance without claudica-
tion pain. The ACD was walking distance with the most
bearable claudication pain. ICD increased after 10 h, 20
h, and 30 h of ISRT compared to baseline conditions 93
to 155m ((67 percent); 229m (146 percent), and 280m
(201 percent), respectively).
Similarly, ACD increased after 10 h, 20 h, and 30 h

of ISRT compared to baseline (168 to 237 (41 per-
cent), 328 (95 percent), and 447 (168 percent).
These results were better than the 25 treatment
WBPA trial summarized above possibly because of
more severe PAD as evidenced by the low baseline
walking distance in the WPBA investigation.
A retrospective study of the Premier Healthcare

Database 2009-2015 was performed in 51,000
patients which assessed in-hospital complications,
mortality, and hospitalization costs in 976 patients
with drug abuse disorder who underwent lower
extremity bypass for PAD. The majority of drugs
were cannabis (38.5 percent), followed by opioids
(21.5 percent) and cocaine (14.5 percent). Patients
with a history of drug use/misuse were at higher
risk of developing complications during longer hos-
pital stays which were associated with higher costs.
In addition, drug users were found to have higher
risk of concomitant major amputations compared to
nondrug users (2.0 percent versus 0.9 percent).225

dElaYEd onSEt of MuSclE SoREnESS (doMS)

Exercise-induced muscle damage commonly occurs
after bouts of unaccustomed eccentric, high-intensity,

or long-duration exercise. The latter can also result in
delayed perception of skeletal-muscle discomfort or
pain termed DOMS that involves soreness, decreased
strength, localized swelling, stiffness, and reduced
range of motion. It occurs 24-48 h after the exercise
bout and is accompanied by increased serum creatine
kinase (CK) activity. Depending upon intensity of the
exercise bout, symptoms and signs can last at least 96
h accompanied by slowed times of short-distance
runs and/ or reduced strength of the exercised seg-
ment. An efficacious method to hasten recovery from
DOMS would enhance athletic performance on sub-
sequent days and rapidly return the individual to
unimpeded activities of daily living. With regard to
soccer, a period of 72 h postmatch play is not long
enough to completely recover from DOMS and varies
among individuals.226

DOMS may be produced in (1) upper extremity
sports activities, eg, baseball pitching, fast cricket
bowlers, overhead football throwing, windmill softball
pitching, volleyball serve and spike, and tennis serve
and volley, boxing, wrestling, (2) back sports activities,
eg, rowing canoeing, weight lifting, (3) lower extremity
sports activities, eg, endurance running, basketball,
soccer, football, rugby. ice hockey, vigorous dancing,
downhill running, mountain climbing & descending,
cross country skiing, and (4) occupational activities, eg,
manual laborers, military infantry, and forestry workers.
There has not been an effective method to significantly
hasten recovery from DOMS. Such methods include
ice-water immersion, stretching, anti-inflammatory
drugs, ultrasound, transcutaneous electric nerve stimu-
lation, massage, compression garments, acupuncture,
hyperbaric oxygen therapy, opioids (Tramadol), bill-
berry juice, whole body vibration, exercise, and oral
antioxidants. With regard to the latter, meta-analysis of
50 studies which included a total of 1089 participants
(961 were male and 128 were female) with an age
range of 16-55 years was performed. All studies used
an antioxidant dosage higher than the recommended
daily amount. High-dose antioxidant supplementation
did not result in a clinically relevant reduction of mus-
cle soreness after exercise of up to 6 h or at 24, 48, 72,
and 96 h after exercise.227

The failure of the preceding methods to hasten
recovery from DOMS is not surprising since they
have not targeted its pathophysiology. Lopez and
associates used downhill treadmill running elicit
eccentric exercise (EE) induced muscle damage in
mice, and applied WBPA daily for 10 days after the
initial EE bout (day 0). Every 2 days during the
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WBPA treatment course starting at day 0, intracellu-
lar Ca2+ and Na+ concentrations and membrane
potential (as indicators of intracellular ion dysfunc-
tion) were assessed in vivo in gastrocnemius muscle
from the anesthetized mice. EE significantly increased
intracellular Ca2+ and Na+, CK, TNF-a, MCP-1, IL-6,
and IL-10, all of which peaked on day 2 with the excep-
tion of IL-10 and declined slowly over 10 days recov-
ery. WBPA post-EE reduced elevated intracellular Ca2+
and Na+ values toward control values after 6 days of
WBPA thereby hastening recovery from simulated
DOMS. It also accelerated normalization of CK, TNF-a,
MCP-1, and IL-6 while further increasing IL-10 concen-
trations. The NO synthase inhibitor, L-NG-nitroarginine
methyl ester, administered in drinking water before EE
and maintained throughout the treatment course, was
sufficient to abrogate the salutary effects of WBPA post-
EE. Thus, WBPA is the first effective therapeutic strat-
egy to accelerate muscle recovery after EE-induced
skeletal muscle injury, as indicated by a faster normal-
ization of all the studied parameters. It also is the basis
for the hastened recovery with WBPA from DOMS after
EE in young men.70,188

no news is good news

In the early 1980s, NO was just another toxic gaseous
molecule, one on a lengthy list of environmental pollu-
tants found in unsavory haunts such as cigarette smoke
and smog. Destroyer of ozone, suspected carcinogen,
and precursor of acid rain, this gas had a bad reputation.
But starting in the late 1980s it was discovered that this
sometime poison was a fundamental and most impor-
tant player in everyday healthy living. In 1992, NO was
deemed Molecule of the Year by Science magazine
who remarked “A startlingly simple molecule unites
neuroscience, physiology, and immunology and revises
scientists' understanding of how cells communicate and
defend themselves.” In 1998, the Nobel Prize in
Physiology or Medicine was jointly awarded to Robert
F. Furchgott, Louis J. Ignarro, and Ferid Murad for their
discoveries concerning “nitric oxide as a signaling mole-
cule in the cardiovascular system.” In 1980, 39 scientific
papers were published on NO and from that point until
today, over 165,000 publications dealing with NO have
made their way into the scientific literature. From its
identity as a noxious air pollutant in the early 1980s to
emergence as a potential savior in the current opioid
epidemic, the reputation of NO has undergone a
remarkable positive transformation.
Nitric oxide released into the circulation as a

gaseous molecule with the motion platform or the
GENTLE JOGGER is metabolized in vivo within a
few seconds by combination with heme in the red
blood cell.228 Therefore, indirect means such as flow
mediated dilatation to demonstrate increased NO in
vivo as with the motion platform or GENTLE JOG-
GER must be employed.146,229 Recently, metabolites
of NO have come under investigation that can be
administered orally to produce cyclic guanosine-
3',5'-monophophate (cGMP), that transduces many
physiological effects of gaseous NO.230 However,
such oral alternatives are dependent on drug distri-
bution kinetics and currently expensive. This is not
the case for the GENTLE JOGGER which is not lim-
ited by distribution kinetics owing to vascular shear
stress to endothelium throughout the circulation.
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