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Abstract
Objectives: Opioid use disorder (OUD)-associated overdose deaths have reached epidemic proportions worldwide. An important 
driving force for relapse is anxiety associated with opioid withdrawal. We hypothesized that our new technology, termed heterodyned 
whole-body vibration (HWBV) would ameliorate anxiety associated with OUD. Methods:Using a randomized, placebo (sham)-
controlled, double-blind study design in an NIH-sponsored Phase 1 trial, we evaluated 60 male and 26 female participants diagnosed 
with OUD and undergoing treatment at pain and rehabilitation clinics. We utilized the Hamilton Anxiety Scale (HAM-A) and a 
daily visual analog scale anxiety rating (1-10) to evaluate anxiety. Subjects were treated for 10 min 5X/week for 4 weeks with 
either sham vibration (no interferential beat or harmonics) or HWBV (beats and harmonics). The participants also completed a 
neuropsychological test battery at intake and discharge. Results: In OUD subjects with moderate anxiety, there was a significant 
improvement in daily anxiety scores in the HWBV group compared to the sham treatment group (p=3.41 × 10-7). HAM-A scores 
in OUD participants at intake showed moderate levels of anxiety in OUD participants (HWBV group: 15.9 ± 1.6; Sham group: 
17.8 ± 1.6) and progressively improved in both groups at discharge, but improvement was greater in the HWBV group (p=1.37 
× 10-3). Furthermore, three indices of neuropsychological testing (mental rotations, spatial planning, and response inhibition) 
were significantly improved by HWBV treatment. Conclusions: These findings support HWBV as a novel, non-invasive, non-
pharmacological treatment for anxiety associated with OUD.
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Introduction
Background and Significance

Substance use disorders (SUDs) and addictions are recognized 
as complex, chronically relapsing disorders of brain function and 
cognitive processing [1-4]. Ongoing research indicates that these 
neurobiological disorders often begin with recreational use that 
deteriorates into compulsive and self-destructive drug-seeking 
behaviors despite intentional and repeated efforts by the individual 
to discontinue use [1-3-5]. Opioid use disorder (OUD) is a rising 
problem in the United States and around the globe, with pain and 
anxiety being major factors for initial drug seeking and relapse [9-
11]. Nearly 3 million Americans have an OUD, and less than 20% 
are estimated to receive treatment [12]. The estimated economic 
cost to the US in 2016 was $78.5 billion [13]. Over the past decade, 
OUD has reached epidemic proportions, in part due to inappropriate 
use of prescription opioid pain killers [14]. In August 2017, OUD 
was identified as a public health emergency following national and 
state commission recommendations [15]. The success rate of OUD 
treatments has not significantly changed over the last 100 years 
[5-7]. The current Food and Drug Administration (FDA)-approved 
pharmacological treatments for OUD include the slowly acting 
opioid receptor (OR) agonist methadone, the mixed OR agonist/
antagonist buprenorphine (e.g., common brands: Buprenex, 
Subutex, Suboxone), the µ-OR (MOR) antagonist naltrexone (e.g., 
common brands: Revia and Vivitrol), institutionalized care, and/or 
various counseling and behavioral therapies. 

Pre-clinical Studies and Proof of Concept

The use of mechanoreceptor (MR)-based technologies 
in the treatment of drug-abuse disorders is a largely unexplored 
field. Indeed, the role of MRs, other than as canonical mediators 
of somato-sensation, has only become relevant in recent years. 
Conventional therapies like whole body vibration (WBV), which 
are predicated on MR activation, have been shown to positively 
impact power and strength [16], flexibility [17,18], balance [19], 
bone metabolism [20], hormone release [21], and falls in the 
elderly [22]. Recent reports have included evidence of increased 
cortical excitability [23], increased motor evoked potentials [24], 
and evidence demonstrating brain changes in response to WBV as 
measured with fMRI, electroencephalographic activity, heart rate 
variability (HRV), and electro-cortical evoked potentials [23,25-
27]. 

There is evidence suggesting that some of the benefits ascribed 
to acupuncture and chiropractic spinal manipulation are mediated 
through selective activation of specific MRs via non-canonical 
somatosensory neuronal pathways. Accordingly, we demonstrated 
in rodents that cutaneous MR activation via electroacupuncture 
at acupoint HT7 produced a biphasic modulation of GABA 
neurons in the ventral tegmental area (VTA) characterized by 
transient enhancement of firing rate followed by inhibition (50%) 
of firing rate and subsequent recovery in 5 minutes [28], which 
was blocked by the non-selective OR antagonist naloxone and the 
selective δ-OR (DOR) antagonist naltrindole, suggesting a role 
for endogenous opioids. We have more recently demonstrated 
[29,30] that brief (60-120 sec), low frequency (45-80 Hz), but 
not higher frequency (115 Hz), spinal mechanoreceptor activation 
from vibration motors implanted adjacent to the laminae of the 
cervical vertebrae at C7-T1 (termed “MStim”) inhibited the firing 
rate of VTA GABA neurons (52.8% baseline for 450 sec), while 
increasing the firing rate of VTA DA neurons (248% baseline 
for 500 sec), that was blocked by systemic naloxone and local 
administration of both the DOR antagonist naltrindole or the 
muscarinic antagonist scopolamine in the NAc, further suggesting 
a role for endogenous opioid release and modulation of accumbal 
cholinergic interneurons (CINs). 

Perhaps of most translational relevance is that the effects of 
spinal MStim persisted considerably beyond the duration of the 
stimulus [30]; mainly, DA release in the NAc was enhanced for 
more than 1 hr after a brief 1 min 80 Hz stimulation of the C7-
T1 laminae, despite the fact that VTA GABA neurons were only 
inhibited, and DA neurons only excited, for 5-10 min by the 1 min 
stimulation. Neurons in the NAc, but not the VTA, evinced cFos 
activation by MStim and MStim-induced DOR expression and 
translocation to the plasma membrane in presumed NAc CINs 1 
hr after the stimulation. Stimulation to the cervical spine produces 
a much more robust effect than stimulation or activation of 
cutaneous MRs, likely due to the disproportionately large number 
of MRs in the cervical spine. We found that WBV positively 
influenced affective state due to its induction of DA release. More 
recently, we sought to determine if WBV, at the same frequencies 
as MStim, might have behavioral effects and ameliorate neuronal, 
neurochemical, and behavioral indices of ethanol (EtOH) and 
opioid dependence. WBV administered for 15 min, 5 min after 
EtOH injection (twice-daily at 2.5 g/kg) at 80 Hz prevented the 
enhanced baseline excitability of VTA GABA neurons, tolerance to 
acute EtOH inhibition of VTA GABA neuron firing rate, reduction 
of EtOH enhancement of DA release, behavioral indices of EtOH 
withdrawal, as well as anxiety, associated with withdrawal from 
chronic EtOH exposure in rats [31]. More recently, we have 
reported a similar study in rodents withdrawing from chronic 
morphine. Mainly, WBV prevented molecular (i.e., DORs), 
neuronal (i.e., VTA GABA projects to the NAc), neurochemical 
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(i.e., DA release) and behavioral (i.e., anxiety) indices of morphine 
withdrawal [32]. Thus, a non-pharmacological intervention can 
prevent manifestations of EtOH and opioid dependence. We are 
unaware of any other treatment, pharmacological or otherwise, 
that blocks molecular, neuronal, neurochemical, and behavioral 
measures of EtOH dependence in rodents. Regardless, these 
studies provide compelling pre-clinical proof-of-concept evidence 
that MR activation by primary somatosensory fibers with specific 
MStim/WBV parameters modulates midbrain neurons and DA 
transmission in the mesolimbic reward system in rodents via 
endogenous opioid release and that MR activation by WBV 
at specific frequencies is an adequate stimulus to ameliorate 
neuronal, neurochemical, and behavioral indices of EtOH and 
opioid withdrawal in animal models. 

Translational Clinical Studies, Rationale, and Hypotheses

Informed by these pre-clinical studies in rodents, it seemed 
logical that enhancing DA release non-pharmacologically via spinal 
MR stimulation might be a potential treatment for ameliorating 
anxiety in OUD. Thus, the primary measure in this study was 
anxiety associated with opioid dependence. We hypothesized that 
HWBV would be effective in reducing anxiety associated with 
OUD compared to sham stimulation.

Materials and Methods

Participants

Based on a pilot study with generalized anxiety in non-
OUD subjects, which was used as preliminary data for the NIH-
sponsored randomized, placebo (sham)-controlled, double-blind 
clinical trial, we proposed to recruit 60 OUD subjects (30 men and 
30 women) between the ages of 20-60 who were currently going 
through withdra walfrom OUD. Subject numbers were projected 
based on the preliminary study in non-OUD subjects, as well as 
a power analysis through our non-OUD studies assuming a high 
Power of 0.8 and a conservative Alpha of 0.05 and including a 
potential drop-out rate of approximately 25%. A total of 86 
male and female participants completed at least part of the study 
(Supplemental Table 1), more than the projected number of 
participants. All OUD individuals were recruited with the approval 
and help of the trained and licensed staff of evidenced-based, high-
intensity pain clinics, and residential and detoxification treatment 
facilities in Utah, USA, adhering to 42 CFR Part 2 law [33]. 
These treatment centers were state-licensed detoxification and 
addiction treatment center for treatment of persons with or without 
co-occurring mental health disorders, comorbid with SUDs, and 
addiction, including OUD, and required to meet the very stringent 
confidentiality and established regulations of the 1996 Health 
Insurance Portability and Accountability Act (HIPAA) [33]. These 
treatment programs and facilities provided SUD care according 
to the current published American Society of Addiction Medicine 

(ASAM) Patient Placement Criteria, with diagnoses of OUD based 
on the American Psychiatric Association’s (APA) Diagnostic 
Statistical Manual (DSM)-IV-TR development criteria [1,2]. 
However, it was understood that for the purposes of this study, 
the OUD cohort were all in various stages of withdrawal from 
their OUD, as short as 2-weeks from last opioid use but for no 
longer than 4 weeks out at the time of intake. Most were at some 
stage of opioid replacement therapy (e.g., Suboxone). Participants 
from both cohorts were matched as closely as possible for age and 
gender [34] ranging in age from 20-61 years once pre-screening 
self-report questionnaires were completed by all participants to 
ensure basic good health.

Ethical Considerations

Studies with OUD were approved by a multi-site ADVARRA 
IRB (Pro00050259). Confidentiality and compliance met HIPAA 
requirements for research data collected, all clinical and research 
personnel were trained in confidentiality protocols and maintained 
the required Collaborative Institutional Training Initiative (CITI) 
certifications [35]. All those involved in the research project signed 
confidentiality agreements. Signed consent forms were received 
from all participants prior to any testing, then immediately given 
research identification numbers. All electronic data were stripped 
of any unique identifiers (e.g., name, date of birth) and stored in 
a secure electronic database. Only de-identified data were entered 
into the multi-lab computer database or EEG console-all data 
entries were done by two raters for accuracy. All other data and 
materials collected were secured, including all hard copies of 
questionnaires and consent forms. These were only marked with 
participant numbers that were unique to the study. 

Treatment Sessions

The Hamilton Anxiety Rating Scale (HAM-A) was 
administered to all non-OUD subjects at intake and at the end of 
each week of treatment. The HAM-A demonstrates acceptable 
levels of inter-rater reliability and consists of 14 items, each defined 
by a series of symptoms, and measures both psychic anxiety 
(mental agitation and psychological distress) and somatic anxiety 
(physical complaints related to anxiety). Subjects underwent 
treatment at the same time each day to account for circadian 
rhythm and the caregivers reported if there has been a change in 
timing of any secondary medications (if applicable), recidivism, 
relapse, absenteeism, etc., during the treatment protocol. All 
qualified OUD subjects were randomized to 1 of 2 independent 
treatment groups: Sham or HWBV. Subjects underwent 10 min of 
treatment on each weekday at their respective treatment center for 
a period of 4 weeks. Only one chair system was available at each 
treatment center, but the stimulation parameters were different for 
HWBV (beat and harmonics) vs sham (no beat nor harmonics) 
treatment based on their group randomization and blinded to both 
subject and operator. The same protocol was followed for the 
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OUD participants as above with the addition of the Clinical Opiate 
Withdrawal Scale (COWS) and neuropsychiatric testing, which 
were completed at intake and at discharge. Neuropsychiatric 
testing was performed using the established Creyos protocol 
(https://creyos.com, Toronto, ON, Canada). Percentile scores from 
Creyos are given as percentile scores, accounting for age and sex. 

Inclusion and Exclusion Criteria

Eligibility for each volunteer participant was initially 
established through a brief in-person interview with either a 
licensed staff member and/or therapist at the recruiting treatment 
center or by a trained research assistant referring to an already 
established and approved Pre-Screening Checklist developed for 
the study. Inclusion criteria for OUD subjects were: official opioid 
addiction diagnosis; current daily craving for opioids; absence of 
opioid use in past 2 weeks or longer than 4 weeks out; willingness 
to indicate drug use history; no prior history of severe brain injury; 
no history of seizure; age above 18; and no history of fainting. 
Exclusion criteria were based, in part, on inclusion criteria but also 
included: refusal to give informed consent; refusing treatment; 
relapse to opioid use; pregnancy; and known ethanol or drug use 
during treatment. There was no exclusion based on sex, race, or 
ethnicity. Participants with OUD had been diagnosed following 
the DSM-IV-TR manual, were detoxified from all substances 
including opioids, but still experiencing daily craving for drugs. 
Our study procedures required approximately 3 hours at the clinic 
completing neuropsychological testing--all participants agreed to 
give of that time in one session. Each participant agreed to keep 
proceedings confidential. 

Protections Against Risk

Risks were minimal for involvement in this study, as the 
stimulus was limited to mechanical vibrations from the seat of 
the chair and those associated with safely getting in and out of 
a chair. Subjects were assisted by staff members while sitting 
down and getting up out of the vibrating chair. The danger of over 
excitation due to chair vibration was minimal because the vibration 
transducers were tested and shown to be incapable of providing 
a harmful vibration response. Actuators had automatic thermal 
shutdown built in. Otherwise, there was no risk of over-heating 
with use during the short 10 min sessions. We did not observe 
any untoward psychological, social, cultural, financial, or legal 
risks associated with this trial. Subjects were able to withdraw 
from the study at any time without consequence. Subjects were 
advised a priori of the potential for discomfort and were asked to 
immediately make the clinician aware of any discomfort or pain 
experienced during the assessment. Subjects were informed that 
they could simply stand up out of the chair if they felt any pain or 
discomfort. All assessments were performed under the supervision 
of facility trained clinicians.  

Data and Safety Monitoring Plan

Volunteer subjects were asked to sit in a vibrating chair and 
subjected to either HWBV or sham stimulation as described above. 
This was a low amplitude vibration (displacement < 2 mm) that 
was intended to be comfortable to the subject while stimulating 
various MRs. De-identification was as described previously. All 
data, as well as the mapping between identifiers and subjects were 
kept on secure, password-protected computers accessible only 
by authorized investigators on this project. The facility trained 
staff ensured that all survey results and other confidential data 
were securely recorded without identification. All investigators 
were required to undergo human subjects research training and 
certification through the Collaborative Institutional Training 
Initiative (CITI training) and provide a copy of their training 
certificate to BYU’s IRB for non-OUD subjects and ADVARRA 
multi-site IRB for OUD subjects. Facility trained staff were with 
each subject during all phases of testing. Plans were in place that 
if any adverse events occurred, the trained staff were responsible 
for reporting the adverse event to their supervisor and the trained 
staff working with the study. The facility supervisor was instructed 
to follow the facility guidelines for reporting adverse events. No 
adverse events occurred in this study.

Statistical Analyses

For each measure, subjects within each group were analyzed 
using paired t-tests. Comparison of subjects between groups 
at intake were analyzed using student’s t-tests. Comparison of 
subjects between groups at timepoints aside from the initial intake 
were analyzed using linear mixed models (LMM), using intake 
value and age as covariates. Overall comparison between groups 
was performed using LMM with intake value, age, and week of 
measurement as covariates. Measures repeated at multiple time 
points and neuropsychiatric testing (which consisted of twelve 
independent measures) were corrected using Benjamini-Hochberg 
correction (false discovery rate, FDR) before determining 
significance. 

Results

Heterodyned Whole Body Vibration (HWBV)

Informed by pre-clinical studies lending promise to the 
translational potential of enhancing DA via endogenous opioids 
by selective activation of spinal MRs at relevant frequencies, we 
constructed a novel chair-based HWBV system that propagates 
traveling waves up and down the entire human spinal column from 
a sitting position with the ability to regionally localize and recruit 
spinal MRs (Figure 1A-D). The system was designed to optimally 
transfer the heterodyned vibration beneath the split-chair seat 
throughout the spine and to induce relevant harmonics from 40-80 
Hz that emulate those found in pre-clinical studies summarized 
above. Using a scanning laser Doppler vibrometer to measure the 

https://creyos.com
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vibration, we demonstrated our ability to induce a traveling wave in the human torso (Figure 1E-F) with interferential vibration from the 
actuators beneath each isolated seat half. We found that interferential frequencies from dual actuators at 24-26 Hz with a split-seat design 
induced a traveling wave at the beat frequency and induced 40-80 Hz harmonics at the vertex of the head (Figure 1G-H). Vibration 
without interferential vibration produced no beat, no traveling waves, and no harmonics at the head, and was used as the sham treatment 
condition.

Figure 1: Heterodyned whole-body vibration (HWBV): (A-C) Images of the split saddle chair used in the study to produce HWBV showing actuators 
and isolators; (D) Design rendering of split saddle chair; (E) Laser doppler vibrometer measurements from the back torso of a subject sitting on a split-
chair excited by independent low frequency effect (LFE) actuators beneath the seat at 25 and 26 Hz (left) and 25 and 25 Hz (right) captured during a 1 
Hz beat (static response). Note the snapshot in time of the traveling wave up the spinal column with the 25 and 26 Hz sine stimulus; (F) Laser doppler 
vibrometer measurements from the back torso of a subject sitting on a split-chair over time (dynamic response). The top row shows the steady state 
response obtained by independent actuator excitation without an interferential frequency (25 and 25 Hz) at 4 sequential time frames (0-0.5 sec), and 
the bottom row shows the response that is obtained using interferential frequency (25 and 26 Hz) demonstrating the traveling wave that is foundational 
to HWBV; (G) The driving signal to the actuators from the sine wave generator is shown (top) combined at 25 and 26 Hz. Note the beat frequency of 
1 Hz. The signal from a piezoelectric sensor positioned at the vertex of the head evinced vibration patterns with 25 and 26 Hz sine waveforms to the 
two halves of the chair; (H) Spectrograph of the driving and head sensor signals. Note the fundamental frequency of the driving signals (hashtag at 25 
and 26 Hz; blue and red) and the head sensor (red) with harmonics at the vertex at approximately 50 and 80 Hz (asterisks), consistent with the MStim 
frequencies used in pre-clinical studies in rodents to modify mesolimbic DA transmission.
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HWBV Reduced Anxiety Associated With OUD

Informed by the outcome of amelioration of generalized 
anxiety in non-OUD participants with HWBV, we were awarded 
an NIH Phase I grant to conduct a randomized, placebo (sham)-
controlled, double-blind Phase 1 clinical trial in 60 subjects with 
OUD (MPIs Steffensen and Adams; DA053083). The study ran 
from 2020-2022, one year longer than the expected timeline due 
to the COVID-19 pandemic. The Phase I clinical trial primary 
aim was to evaluate the efficacy of HWBV to ameliorate anxiety 
associated with OUD. We used the same system and parameters 
shown effective in reducing generalized anxiety in a pilot study 
in non-OUD student subjects. Although there was considerable 
participant attrition (10 participants were unable to complete the 
study and 33 voluntarily withdrew), in part due to the COVID-19 
pandemic, but also due to relapse, dismissal from the program, 
change in treatments, pregnancy, etc., we were able to evaluate 
86 OUD male and female participants, 26 more than we proposed 
initially. Attrition rates were significantly higher in the sham group 
than the HWBV group (p=2.81×10-4). 

HWBV Reduced Symptoms of Dependence

Surprisingly, COWS scores were relatively low at intake, 
likely due to intakes occurring a minimum of two weeks following 
last opioid use, and ongoing opioid replacement therapy with 
Suboxone, etc... Although COWS scores were low at intake and 
there was attrition, especially among subjects in the sham treatment 
group, HWBV significantly reduced COWS scores across the 
4 weeks of the trial compared to intake baseline (p=0.011) and 
between groups (p=0.020, Supplemental Table 2).  

HWBV Reduced Anxiety Associated With OUD

At intake, anxiety was measured on a scale from 1-10 using 
a visual analog scale. The average reported value for the sham 
group was 3.9 ± 0.3 and the average reported value for the HWBV 
group was 3.8 ± 0.3 (p=0.70). HWBV treatment significantly 
reduced daily anxiety scores in OUD subjects compared to intake 
baseline and compared between groups (p=3.41×10-7) (Figure 2A, 
Supplemental Table 3). HAM-A scores at intake evinced moderate 
anxiety, with averages of 17.8 ± 1.6 in the sham group and 15.2 
±1.6 in the HWBV group (p=0.27). Perhaps most importantly, 
HWBV reduced HAM-A anxiety scores in OUD subjects compared 
to intake baseline and compared between groups (p=1.37×10-3, 

Figure 2B, Supplemental Table 4). 

Figure 2: Amelioration of anxiety associated with OUD by 
heterodyned whole-body vibration; (A) HWBV treatment 
progressively reduced daily anxiety scores in OUD subjects 
based on a simple daily VAS 0-10 scale compared to intake 
baseline and compared to sham controls; (B) HWBV significantly 
reduced HAM-A scores in OUD subjects starting at the first week 
of treatment and progressively increasing after 4 wk compared 
to intake baseline and compared with sham controls. Asterisks 
*,**,*** represent significance levels FDR<0.05, 0.01, and 0.001, 
respectively, for comparisons to intake measures. Hashtags #, 
##, ### represent significance levels p<0.05, 0.01, and 0.001 for 
comparisons between groups. Numbers in parentheses represent 
n values.
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HWBV Improved Some Cognitive Outcomes Associated with OUD

Along with evaluation of anxiety in OUD subjects in the Phase I clinical trial, we evaluated select measures of cognitive 
performance between intake baseline and discharge at 4 weeks. Compared to sham treatment, HWBV improved performance (pre- vs 
post-Rx normalized scores) in some tests including mental rotations (FDR = 0.047), spatial planning (FDR = 0.018), and response 
inhibition (FDR = 0.018) (Figure 3, Supplemental Table 5). 

Figure 3: Improvement in select cognitive measures with heterodyned whole-body vibration. Neuropsychology testing demonstrated that 
OUD subjects treated with HWBV had higher cognitive performance pre- vs post-Rx normalized scores in some tests including mental 
rotations, spatial planning, and response inhibition: Asterisks **,*** represent significance levels FDR<0.01 and 0.001, respectively, for 
comparisons to intake baseline measures. HWBV treatment markedly improved these measures compared to sham controls. Hashtags 
#,##,### represent significance levels FDR<0.05, 0.01, and 0.001 for comparisons between HWBV and sham treatment groups.

Discussion

We conducted an NIH-sponsored Phase I clinical trial in non-OUD subjects and subjects with OUD to determine the efficacy 
of HWBV to ameliorate anxiety. Informed by pre-clinical studies in rodents, we hypothesized that 40-80 Hz spinal stimulation would 
modulate DA release and ameliorate anxiety and hedonic drive. We speculated that MRs have similar activation energies and frequency 
response in rodents as in humans. We chose a split-chair device design with actuators positioned orthogonally to the seat to optimize 
displacement. It was only when we employed interferential (“beat”) frequencies at the two isolated actuators positioned at the ischial 
tuberosities that we observed a pronounced traveling waveform up the spinal column at the beat frequency and harmonics from 40-80 
Hz at the head. We speculate that these frequencies are multiples of the fundamental driving frequencies and generated by the body 
load with resonance at the harmonic frequencies and carried optimally by the beat wave up the spinal column, suggesting gain of MR 
activation up the spinal column with the split-chair design. Importantly, harmonics evident at 40-80 Hz at the head became the criterion 
(i.e., the “adequate stimulus”) for determination of the parameters for HWBV used in non-OUD participants in the pilot study and in 
OUD participants in the clinical trial.

Informed by this success in non-OUD participants and with funding from NIH, we commenced a Phase I clinical trial in OUD 
participants. Although all the subjects in the OUD trial received an initial diagnosis of OUD, COWS scores at intake in our 86 subjects 
were relatively low at intake due to abstinence from opioids for two-weeks, indicating a mild-moderate state of dependence. Regardless, 
HWBV reduced total COWS scores in comparison to sham treatment (no beat, no harmonics). Importantly, HWBV also reduced 
daily acute anxiety scores and weekly HAM-A scores in individuals with OUD compared to baseline intake and compared to sham 
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controls. Furthermore, 3 indices of neuropsychological testing 
were significantly improved by HWBV at discharge compared to 
intake. These studies provide proof-of-concept evidence to support 
HWBV as a novel, non-invasive, non-pharmacological treatment 
for generalized anxiety and anxiety associated with OUD. These 
results were obtained despite ongoing OUD treatment at the pain 
and rehabilitation clinics. Interestingly, three measures of cognitive 
performance were improved by HWBV including: mental rotations; 
spatial planning; and response inhibition. As our clinical trial did 
not assess brain DA levels in humans, which is problematical at 
best, we can only speculate how the DA enhancement seen in 
rodents might extrapolate to humans. Dopamine levels have been 
implicated in all three of these neurocognitive phenotypes. Thus, 
enhanced DA levels by HWBV treatment might account for the 
enhancement observed with these measures.

Conclusions

These findings support HWBV as a novel, non-invasive, 
non-pharmacological treatment for anxiety associated with OUD. 
Persons suffering from OUD continue their cycle of abuse, in part, 
because of maladapted or depleted DA levels, with its accompanying 
dysphoria, as well as anxiety and stress mediated by the extended 
amygdala accompanying the ‘withdrawal/negative affect’ phase of 
the addiction cycle. Based on pre-clinical studies, we speculate that 
HWBV reduces anxiety associated with withdrawal from OUD by 
enhancing baseline DA levels in the mesocorticolimbic system and 
reducing the driving force for relapse.
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 Count   

Recruited 110   
Declined to participate 12   
Did not meet inclusion criteria 1   
Became pregnant (excluded) 1   
Multiple strokes (excluded) 1   
Declined to receive treatment 9   
Remaining 86   
    

Sham Group (n = 34) Count Percent Median (Min, Max)

Age   36 (20, 57)
Male 27 79.4%  
Female 7 20.6%  
Completed Study 8 23.5%  
Unable to Continue 5 14.7%  
Voluntarily Withdrew 21 61.8%  
    

HWBV Group (n = 52) Count Percent Median (Min, Max)

Age   33 (20, 61)
Male 33 63.5%  
Female 19 36.5%  
Completed Study 35 67.3%  
Unable to Continue 5 9.6%  
Voluntarily Withdrew 12 23.1%  

Supplemental Table 1: Descriptive statistics of the 110 individuals recruited for the study, 86 met the inclusion criteria and did not 
meet any exclusion criteria.

 Mean (± S.E.M.)
 

Comparison Within Subjects
 

Comparison Between 
Subjects

  Sham HWBV Sham HWBV  

Intake 6.8 (0.9) 5.6 (1.0) - - 0.38

Discharge 6.6 (1.4) 2.1 (0.6) 0.54 0.011 * 0.02 *

Supplemental Table 2: Clinical Opiate Withdraw Scale (COWS) Statistical Results; Comparison within subjects represent p-values 
from paired t-tests. Comparison between subjects at intake is a p-value from student’s t-test, and at discharge is a p-value from linear 

mixed models, using intake value and age as covariates; * p<0.05. 
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  Mean (± S.E.M.) Comparison Within Subjects Comparison Between 
Subjects  Sham HWBV Sham HWBV

Intake 3.9 (0.3) 3.8 (0.3) - - 0.70
Week 1 3.6 (0.3) 2.3 (0.2) 0.52 5.8×10-7 *** 2.5×10-4 ***
Week 2 3.7 (0.5) 2.0 (0.2) 0.85 4.2×10-7 *** 1.1×10-4 ***
Week 3 2.2 (0.6) 1.5 (0.1) 0.47 4.0×10-6 *** 0.03 *
Week 4 2.4 (0.5) 1.4 (0.1) 0.47 1.2×10-6 *** 4.6×10-3 **

Supplemental Table 3: Median Daily Anxiety Visual Analog Scale (VAS) Statistical Results; Comparisons within subjects represent 
Benjamini-Hochberg false discovery rates (FDRs) from paired t-tests. Comparison between subjects at intake is from student’s t-test. 

Remaining between subjects comparisons represent FDRs from linear mixed models, using intake value and age as covariates. Overall 
linear mixed models group p-value = 3.41×10-7. * FDR<0.05, ** FDR<0.01, *** FDR<0.001.

 
 

Mean (± S.E.M.) Comparison Within Subjects Comparison 
Between SubjectsSham HWBV Sham HWBV

Intake 17.8 (1.6) 15.2 (1.6) - - 0.27

Week 1 18.0 (2.9) 10.7 (1.2) 0.06 5.6×10-3 ** 7.9×10-4 ***

Week 2 16.3 (4.4) 7.4 (1.4) 9.3×10-3 ** 1.9×10-5 *** 1.5×10-3 **

Week 3 15.5 (2.7) 5.5 (1.2) 0.06 1.9×10-5 *** 4.5×10-4 ***

Week 4 14.1 (3.7) 4.4 (0.8) 0.111 2.4×10-6 *** 5.6×10-10 ***

Supplemental Table 4: Hamilton A Statistical Results; Comparison within subjects represent Benjamini-Hochberg false discovery 
rates (FDRs) from paired t-tests. Comparison between subjects at intake is from student’s t-test. Remaining between subjects 

comparisons represent FDRs from linear mixed models, using intake value and age as covariates. Overall linear mixed models group 
p-value = 1.37×10-3. * FDR<0.05, ** FDR<0.01, *** FDR<0.001

 
 

Sham Mean 
(± S.E.M.)

HWBV Mean 
(± S.E.M.)

Comparison Within Subjects
Comparison Between 

Subjects

Intake Discharge Intake Discharge Sham HWBV Intake Discharge

Visuospatial 
Working Memory

41.3 (8.0) 52.2 (8.3) 40.8 (2.8) 47.5 (3.7) 0.97 0.17 0.94 0.13

Spatial Short-
Term Memory

43.5 (5.8) 44.5 (5.4) 46.9 (3.7) 43.9 (3.1) 0.97 0.58 0.91 0.94

Working Memory 48.3 (3.3) 49.5 (3.6) 46.1 (3.2) 51.4 (2.4) 0.97 0.17 0.91 0.84

Episodic Memory 37.5 (7.0) 43.3 (6.7) 37.1 (2.3) 42.3 (3.0) 0.97 0.29 0.94 0.94

 
Mental Rotations

58.8 
(10.6)

50.3 (9.1) 32.9 (4.1) 54.0 (4.0) 0.97
8.0×10-6 

***
0.22 0.047 *
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Visuospatial 
Processing

44.0 (4.4) 35.8 (3.8) 38.3 (3.7) 39.7 (2.9) 0.97 0.78 0.85 0.78

Deductive 
Reasoning

56.7 (5.2) 57.2 (5.0) 45.3 (3.5) 45.2 (3.2) 0.97 0.98 0.63 0.40

Spatial Planning 45.2 (9.2) 44.0 (9.7) 36.0 (3.3) 51.0 (4.5) 0.97
5.3 ×10-3 

**
0.71 0.018 *

Verbal Reasoning
56.2 

(10.6)
50.8 (7.8) 41.1 (4.9) 45.1 (5.3) 0.97 0.53 0.63 0.90

Verbal Short-
Term Memory

36.3 (9.3) 36.5 (6.9) 39.3 (3.1) 41.7 (3.5) 0.97 0.58 0.91 0.84

 
Attention

33.0 (5.9) 39.0 (8.0) 38.9 (3.3) 42.8 (3.2) 0.97 0.50 0.85 0.95

Response 
Inhibition

45.2 (9.9) 33.5 (12.7) 29.9 (4.9) 46.0 (5.7) 0.88
5.3 ×10-3 

**
0.63 0.018 *

Supplemental Table 5: Neuropsychiatric Testing Statistical Results; Comparison within subjects represents Benjamini-Hochberg 
false discovery rates (FDRs) from paired t-tests. Comparison between subjects at intake are FDRs from student’s t-tests, and at 

discharge are FDRs from linear mixed models, using intake value and age as covariates. * FDR<0.05, ** FDR<0.01, *** FDR<0.001.
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