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Abstract: Opioids remain an essential part of the treatment of chronic pain. However, their use and increasing rates of misuse are
associated with high morbidity and mortality. The development of tolerance to opioids and analgesics further complicates dosing and
the need to reduce side effects. First-generation digital systems were developed to improve analgesics but are not always capable of
making clinically relevant associations and do not necessarily lead to better clinical efficacy. A lack of improved clinical outcomes
makes these systems less applicable for adoption by clinicians and patients. There is a need to enhance the therapeutic regimens of
opioids. In the present paper, we present the use of a digital analgesic that consists of an analgesic administered under the control of
a second-generation artificial intelligence system. Second-generation systems focus on improved patient outcomes measured based on
clinical response and reduced side effects in a single subject. The algorithm regulates the administration of analgesics in a personalized
manner. The digital analgesic provides advantages for both users and providers. The system enables dose optimization, improving
effectiveness, and minimizing side effects while increasing adherence to beneficial therapeutic regimens. The algorithm improves the
clinicians’ experience and assists them in managing chronic pain. The system reduces the financial burden on healthcare providers by
lowering opioid-related morbidity and provides a market disruptor for pharma companies.
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Introduction

Treatment of chronic pain and loss of analgesic effects is a significant unmet need. Over 100 million individuals in the
United States experience chronic pain, and approximately a quarter of them experience daily pain.'™ Using opioid
therapy for pain has increased in the past two decades.” Concurrently, there is a significant increase in the misuse and
abuse of prescribed opioids and inadvertent opioid overdoses.® Opioid analgesics are essential therapeutic options for
chronic non-cancer pain (CNCP) and cancer-related pain.””® Regular use of opioids in CNCP leads to increased all-cause
mortality, thus highlighting the need for educated prescribing.'® Half of the patients with advanced malignancy
experience chronic pain.'' Most subjects undergoing pharmacologic interventions do not experience the desired effect,
and many develop drug tolerance or resistance.”

Current regimens of opioid prescription lead to high morbidity and mortality.'*'* Abuse of opioids has a devastating
influence on public health worldwide."* This epidemic involves increased misuse and overdose of opioids, leading to
increased mortality. Prescribers play a vital role in the ongoing opioid epidemics by overprescribing these medications.'>"”
Unintentional drug overdose involving prescription opioids is increasing with marked heterogeneity in dosages.'® During
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the coronavirus disease 2019 pandemic, it has become even more apparent that this at-risk group faces many challenges to
recovery, including an increase in overdoses.'® 2!

There are many causes of opioid dependence or lack of proper adherence to therapeutic regimens. A lack of standardiza-
tion of use and the development of tolerance that leads to increasing dosages associated with increased severe side effects and
risks of dependency are some of the challenges, further complicating beneficial and safe usage of opioids.?***

Opioids remain a vital part of the treatment regimens for chronic pain, making better methods for using them an
unmet need.'? There remains a need for better approaches that balance treating chronic pain while minimizing risks for
opioid abuse, misuse, and diversion.>* This paper introduces the digital analgesic, comprising an opioid or any other type
of analgesic, including nerve stimulators, controlled by a second-generation digital health system to optimize the dose,
reduce tolerance, and minimize side effects. The digital analgesic can overcome several of the challenges raised by the

opioid epidemic, in an attempt to increase the safety and effectiveness of the use of these drugs.

The Need for Improving the Therapeutic Regimens of Opioids and Other
Types of Analgesics

Opioids are the utmost analgesic medications used for severe pain.>> Opioids activate the endogenous opioid system,
comprising four prominent peptide families (beta-endorphin, enkephalins, dynorphins, nociceptin/orphanin FQ), and four
G protein-coupled receptors (mu, delta, kappa, and nociceptin). Opioids activate several signaling pathways to control
neuronal function and neurotransmission.”®

The obstacles to using opioids consist of patient barriers, including reluctance to report pain to take analgesics, and
professional barriers, including inadequate pain assessment and lack of knowledge of opioid-based regimens. Prescribing
opioids is associated with long-term continued opioid use.”® Their use in patients with chronic pain requires precision in
management. The current recommendations are to use opioids only when the benefits outweigh the risks.”® Caregivers
need to establish their patients’ treatment goals and consider stopping the therapy if the risks outweigh the benefits.
Clinicians need to prescribe the lowest effective dosage and look into the prescription drug monitoring program data,
when available, for high-risk combinations or dosages. Patients suffering from opioid use disorders should receive an
evidence-based treatment regimen.”’ The risks of long-term adverse effects associated with opioids are significant
obstacles to their use in chronic pain. Respiratory depression is a side effect that causes worry and distress in patients
and their care givers.”* >° Aspects related to high risk of misuse are younger age, a history of a substance use disorder,
major depression, and psychotropic medications.>'-%>?

Increased dosing is not always associated with an improved result. A recent study determined the physical and
emotional dimensions of health for CNCP patients receiving opioid therapy using the 36-Item Short-Form Health Survey
(SF-36). The data showed that patients receiving low-dose or high-dose opioid treatment do not have significantly
different quality-of-life outcomes. Patients on high doses had lower item scores, indicating poorer health.*> Opioids may
sometimes increase rather than decrease pain. Central sensitization (hyperalgesia) underlies pain chronification generated
by high dose and high potency opioids.**~*

Implementing various interventions for dealing with increased opioid consumption; however, their effects on abuse
and overdose-related death have been conflicting.** The route of administration of systemic opioids affects their
potency.®> Monitoring of prescribing practices, urine testing, prescription monitoring programs, opioid treatment agree-
ments, and utilization of universal precautions are essential. Using a combination of strategies to stratify risk, identify
abnormal drug-related behaviors, enabling tailoring treatments accordingly.?* Prescription monitoring programs targeting
health care providers (HCPs) aim to reduce opioid prescriptions. However, their effect on the correctness of use
according to published guidelines is inconsistent. Continuing medical education (CME) and pain management programs
improve chronic pain management under specific settings.** Prescription monitoring programs (PMPs) vary between
countries. A retrospective study of PMPs’ controlled substance database showed that the regular monthly total prescrip-
tions written within the state decreased by 16%.°® A pragmatic approach to the careful use of opioids has for different
settings to overcome some of these barriers.”” These programs do not provide solutions for the challenges of optimizing
dosing for better effectiveness while minimizing side effects.
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The challenges of standardizing treatment regimens involve the hard-to-control patient-, disease-, and environment-
related variables that affect the response’s magnitude and the development of complications. Inter- and intra-subject
variability in pain alleviation and side effects further complicate the attempts to formulate therapy guidelines and monitor
these patients.

Development of Tolerance to Opioids and Analgesics Complicates
Appropriate Dosing Regimens

Development of tolerance to chronic opioid use is the main reason for inadequate pain control, leading to dose escalation,
hence making the related side effects severe and widespread.*® Long-term opioids use associated with the development of
analgesic tolerance. Tolerance reduces the impact following prolonged drug administration that decreases drug potency,
characterized by a shift to the right in the dose-response curve.’® Multiple mechanisms are associated with tolerance
development, including patient and disease-related parameters.***! Opioid tolerance manifests in reduced analgesic
effect and respiratory depression, sedation, nausea, and other signs of depression of the central nervous system.*
Interactions between the opioid receptors and the medications, frequency of administration, and doses are factors
associated with the development of tolerance.

A rightward move in the agonist dose-response curve after repeated administration exemplifies tolerance.*’
Intracellular neural machinery involves desensitization and downregulation of the opioid receptors that underlie opioid
tolerance.*> Opioid tolerance is an adaptive process resulting from modifications at the level of the p-opioid receptors
(MORs) and in the circuit and synaptic levels in the central and peripheral nervous systems.** Morphine is associated
with alterations of expression of miRNAs in neuronal tissues or cells. Different types of opioids are associated with
modifications in the degrees and types of miRNAs expressions.*> *” Neuroadaptation and downregulation of MORs
underlie tolerance development. Downregulation of MORs results from increased degradation decreased expression, and
neuroadaptation.*®*® The binding of the opioid to MORs induces an inhibitory G protein signal associated with an
analgesic effect. Side effects include respiratory depression, analgesic tolerance, and constipation, related to MOR
modulation.’®>? Several types of machinery underlie behavioral tolerance to opioids, including desensitization of
receptor signaling; downregulation of receptors; induction of drug metabolism, termed metabolic tolerance; and com-
pensatory processes.>

Studies showed marked inter and intra-individual variability in the development of opioid tolerance following short-
or long-term dosing.”® Genetic and epigenetic variations in receptors contribute to the numerous different responses to
opioids between individuals.>* > Individual parameters associated with the loss of response include the source of pain,
age and sex; pharmacokinetics and pharmacodynamics; genetic polymorphisms; comorbidities and environmental
factors; medication interference; and treatment adherence.’’ Opiate dependency can result from modifications in the
opioid receptor genes and other genes. The preproenkephalin gene encodes peptides’ modulation of pain perception,
contributing to addiction development.”® Prior opioid exposure, the use of medications that interact with or augment the
effect of opioids, and end-organ function are relevant to the outcome of therapy.’**°

The proportion of opioid-tolerant-only extended-release and long-acting (ER/LA) opioid analgesics studied for new
users of extended-release oxycodone (ERO) and other ER/LA opioid analgesics. 64% of ERO, 64% of extended-release
hydromorphone, and 40% of transdermal fentanyl developed tolerance.®’ In a recent study of 372,038 initiators, only
38% of subjects did not meet the opioid tolerance criteria before starting high dosage treatment.®> Extended-release
opioids administered at short intervals increased the daily doses, increasing the risk of opioid-related mortality.®®

Dose Alterations and Drug Holidays Can Improve the Effectiveness of
Chronic Use of Opioids

Treatment regimens based on fixed dosing and times of administration of chronic drugs are not in line with the variability
inherent in biological systems. These regimens may contribute to a high primary and secondary lack of response to
chronic drug administration.***® The development of tolerance to opioids is a significant challenge for their safe use. It is

associated with a loss of response and increased dosages while increasing the risk of side effects.®®”'
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Strategies for mitigating opioid tolerance and opioid-induced hyperalgesia include lowering dosages, shortening the
duration of treatment by interrupting infusions of sedative or analgesic agents daily, modulating infusions based on
analgesic assessment and sedation scores, using multimodal analgesic agents (nerve blocks and non-opioid analgesics),
and by rotating analgesic agents sequentially.’?

Improving opioid effectiveness and minimizing side effects can be achieved through drug holidays and dose
alterations. Drug holidays and intermittent dose escalations and reductions can improve the response rate to chronic
therapies.”>”® Models of drug holidays developed to regenerate responsiveness to opioids lost during the development of
tolerance.®® Drug holidays may help manage opioid tolerance.*>*'** There have been reports of positive outcomes of
drug holidays in patients with chronic pain and opioid addiction, including anesthesia-based detoxification in extreme
cases.® There is an increase in post-surgical complications that are dose-dependent on opioids. A retrospective study of
8559 patients undergoing revision of total hip arthroplasty showed that an “opioid holiday” in patients with chronic
treatment lowers complications.84

Patients suffering from cancer-associated pain suffer from episodic breakthrough pain while receiving a stable dose of
opioids. Dosing of an immediate-release opioid administered in a proportion of the total daily dose in many cases. In
a double-blind, randomized trial, three-dose proportions (1/6, 1/8, and 1/12 of the total daily dose) were administered in
two parts, each with three dose proportions in random order. When patients required opioid breakthrough doses, they
took the next numbered bottle rather than their usual breakthrough dose. The study results did not show any difference
between the three-dose proportions regarding the decrease in pain intensity, pain control on a subsequent day, time to
pain relief, or any difference in side effects. The study showed that 1/12 the 24 hourly doses should be the lowest dose
that delivers benefit.®® In a retrospective trial of patients with chronic osteoarthritis pain, a short-acting opioid provided
a safer and cheaper alternative to long-acting opioid therapy.®®

In a retrospective study, drug holidays improved the tolerance in patients with nonmalignant pain who received
continuous intrathecal opioid therapy using implantable infusion pump devices.*> In intractable cancer pain during
methadone substitution therapy, an antagonist supported opioid detoxification, and a drug holiday reestablished sensi-
tivity to opioids and improved pain.®® An abstinence-oriented approach enhanced the outcomes by treating patients with
chronic pain and aberrant drug-taking behavior. This method involves patients initially discontinuing opioid use for
a drug holiday.®’

These data support the option of changing dosage to improve the response rate to chronic opioid use.

Using First-Generation Digital Systems for Improving the Use of

Analgesics

First-generation artificial intelligence (Al) systems promote the 4Ps- personalized, preventive, predictive, and participa-
tory-medicine model, describing patient autonomy.*® They focus on clinical big data-based decision-making and produce
evidence-based information. Their real-world utilization is inadequate as they do not necessarily result in a better
response or lower rates of unwanted side effects.®***

Developing big data resources is associated with biases that affect the products of treatment algorithms.”® First-
generation algorithms are not always capable of making clinically relevant associations and do not signify better clinical
efficacy.” A lack of improved clinical outcomes makes these systems less applicable for adoption by clinicians and
patients.”®®” Apps that provide opioid dose double-checking can prevent mistakes in dosing and misuse, lack accuracy,
and proper clinical validation.”® An opioid dose conversion app, the Safer Prescription of Opioids Tool (SPOT),
developed as a clinical decision support (CDS) system, was proposed as a method for improving prescription
accuracy.”” A review of multiple studies on mobile phones reminding patients to take their drugs correctly showed

a relatively limited effect on adherence.'®

Advantages of Using Second-Generation Digital Health Systems
Second-generation Al comprises personalized closed-loop systems that improve patient responses to chronic drugs.’®
These systems focus on improved patient outcomes measured by the clinical response and reduced side effects in a single
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subject.”® They add the “5th P,” progress, to improve clinically meaningful results in a subject-tailored manner.”® These
systems implement an n=1 concept to personalized therapeutic regimens to overcome big data biases associated with big
data.”®

The improved clinical outcomes confirm increased adherence of patients to appropriate regimens and maintainable
response to chronic drugs while dealing with the compensatory mechanisms which underlie tolerance and progression of
disease.?*?%1%!

A second-generation system introduces personalized variability signatures into an algorithm to improve the beneficial
effects of chronic drugs.®® 6861927113 This system can quantify subject-tailored variability patterns and implement them
through individualized algorithms.®®°7-?*!%95 This approach can deal with drug tolerance and ensure the sustainable
beneficial effects of chronic drug use. At the first level of this second-generation system, it implements variability in
dosage and administration times of drugs to patients who lose their responses to chronic drugs while keeping these
changes within the approved therapeutic windows. Ongoing clinical trials evaluate these regimens in patients with
inflammatory bowel disease who have lost their response to anti-TNFs and in patients with drug-resistant epilepsy.
Higher levels of the system comprise closed-loop algorithms designed to receive inputs about clinical outcomes and side
effects and respond appropriately by suiting the variability in clinical outcomes. Disease and host-linked patterns of
variability are followed, quantified, and implemented into the algorithm. The system disregards genotypic and phenotypic

parameters by summing up the total effects of these parameters on the outcomes.”®

a. The digital analgesic: An analgesic where second-generation Al systems control its administration for optimizing
the dose, improving effectiveness, and minimizing side effects

Digital analgesics comprise an opioid formulation or any other analgesic, including nerve stimulators and opioid
pumps. A second-generation Al system controls their administration applied through a user-friendly app downloaded to
the subject’s cellphone. The algorithm regulates the administration of analgesics in a personalized manner, with two
endpoints: effectiveness of pain relief and reduction of unwanted side effects.?*?

The digital analgesic enables patients and their physicians to follow personalized therapeutic regimens to improve
responses, overcome tolerance, optimize dosages, and minimize side effects. Improving pain relief while reducing side
effects increases patients’ adoption of the system and improves physicians’ experience.

Version 1.0 of the digital analgesic remains within the digital reminders to improve patient adherence. It comprises an
open-loop system that does not collect data. The system provides variability in dosing and drug administration times
within the approved range as pre-determined by the caregivers for each patient. The physician enters the minimal and
maximal daily dosage range and the minimal and maximum dosages per day. The digital system provides patients with
a regimen that continuously changes within the approved boundaries. These systems may be exempt from all regulatory
processes.''* Later versions use closed-loop regimens for personalized therapies by implementing personal variability

signatures into therapeutic protocols and continuously adapting the regimens to the clinical outcomes.***°

b. The digital analgesic as a market differentiator: Advantages for patients, clinicians, healthcare authorities, payers,
and companies

The digital analgesic improves global health by improving pain, reducing side effects, and increasing users’ and
institutions’ savings by avoiding the need for more expensive interventions. The highly competitive analgesic market
necessitates companies to develop market differentiators. The digital analgesic provides a clinical benefit while using the
same generic product, offering a clear advantage for companies, translated to increased sales and better pricing.
Combining a generic analgesic with a second-generation Al system generates intellectual property (IP). Multiple
users’ use of the digital pill creates big data resources based on clinical outcomes, which can overcome biases inherent
in first-generation systems. The new IP and generated big data can serve as additional market differentiators.

Figure 1 presents the advantages of digital analgesics. Digital analgesics provide advantages to all players in the health
care system. Patients and caregivers benefit from the improved clinical response, reduced tolerance, dose optimization, and
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Figure | The advantages of the digital analgesic over regular therapeutic regimens. Digital analgesics provide advantages to all participants of the healthcare system. Patients
and physicians benefit from the improved clinical response, reduced tolerance, dose optimization, and minimizing side effects. Healthcare providers benefit from the
reduction in costs.

minimal side effects. The healthcare system benefits from saving costs. Public health benefits from improved use, reduced
misuse, and high morbidity and mortality rates. Drug manufacturers can expect increased sales of better products.

Summary

The digital analgesic consists of an opioid formulation or any other analgesic controlled by a second-generation Al
system that implements variability into dosing regimens. Digital analgesics may improve patient responses to drugs by
reducing tolerance, optimizing dosages, and lowering the rates of side effects. Maximizing the therapeutic benefits of
pain medications is anticipated to improve overall patients’ wellbeing and reduce healthcare costs. Future studies and
real-world data collection will assist in implementing these systems in routine care.
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