1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Anesth Analg. Author manuscript; available in PMC 2025 February 01.

-, HHS Public Access
«

Published in final edited form as:
Anesth Analg. 2024 February 01; 138(2): 350-357. doi:10.1213/ANE.0000000000006712.

REMOTE MONITORING AND ARTIFICIAL INTELLIGENCE:
OUTLOOK FOR 2050

Max Feinstein, MD", Daniel Katz, MD", Samuel Demaria, MD", Ira S. Hofer, MD"
“Department of Anesthesiology Pain and Perioperative Medicine, Icahn School of Medicine at
Mount Sinai

Abstract

Remote monitoring and artificial intelligence will become common and intertwined in
anesthesiology by 2050.

In the intraoperative period, technology will lead to the development of integrated monitoring
systems that will integrate multiple data streams and allow anesthesiologists to track patients more
effectively. This will free up anesthesiologists to focus on more complex tasks, such as managing
risk and making value-based decisions. This will also enable the continued integration of remote
monitoring and control towers having profound effects on coverage and practice models..

In the PACU and ICU, the technology will lead to the development of early warning systems
that can identify patients who are at risk of complications, enabling early interventions and more
proactive care. The integration of augmented reality will allow for better integration of diverse
types of data and better decision making.

Postoperatively, the proliferation of wearable devices that can monitor patient vital signs and track
their progress will allow patients to be discharged from the hospital sooner and receive care at
home. This will require increased use of telemedicine, which will allow patients to consult with
doctors remotely.

All of these advances will require changes to legal and regulatory frameworks that will enable new
workflows that are different than those familiar to today’s providers.

Introduction

“The vast possibilities of our great future will become realities only if we make
ourselves responsible for that future”

Gifford Pinchot
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Accurately predicting what the practice of anesthesiology will be like 30 years in the future
is an exceedingly difficult and a complex undertaking. The rate of growth of technology

and medical knowledge continues to accelerate, opening new avenues for therapeutics and
synergistic applications of novel technologies. Combined with an ever-changing popular
opinion, a dynamic regulatory landscape, and unknown unknowns like a pandemic, the
waters are further muddied. In this article, we will attempt to create a window into how the
interface between technology and providers might shape our practice 30 years from now,
with a particular focus on monitoring. While these predictions will likely be inaccurate the
purpose of this article is not for use as a time-capsule; rather, the purpose is to excite and
inspire readers to take part in creating that future. We will begin with how technologies

such as machine learning, artificial intelligence, and robotics might change and augment our
intraoperative environment. We will then transition to analyze how they might impact care
environments such as the PACU or ICU, followed by a discussion of the potential effects in
the post-operative period, including wearable technologies and home monitoring. Finally, we
will examine some of the legal and regulatory hurdles that may be encountered, including
staffing challenges and other workforce implications.

The Intraoperative Period

Historical Context and Current State

The current workflow in anesthesiology — a preoperative evaluation, intraoperative 1:1
monitoring and care from an anesthesia provider (anesthesiologist or CRNA), and
postoperative handoff to the PACU, dates to the 1940s after World War Il. That is when
the modern specialty of anesthesiology developed distinct from surgery. In the intervening
75 years the types of monitors and drugs have changed, but the underlying paradigm of 1:1
intraoperative care has not. The 1960s and 70s saw the introduction of non-invasive blood
pressure and PA catheters, the 1980 pulse-oximetry, 1990s propofol, the 2000s ultrasound
and TEE become more widespread, etc. While all of these advances improved the patient
care and associated outcomes, the fundamental idea of one anesthesia provider for one
patient remained constant. The next 25 years may not be as stable.

The Operating Room: Integrated monitoring, automated processes and

control towers

In today’s operating room, the myriad of monitors exist as separate streams of data. In

the future these will be integrated feeds into complex models and will not only enhance

the human ability to do technical and cognitive tasks faster but also power closed-loop
systems capable of practicing anesthesiology more safely and efficiently than a human
could alone (See Figure 1). Today, the anesthesiologist’s analytical and decision-making
abilities are challenged by increasingly vast amounts of intraoperative data collected

during a single surgery.! With the recognition that information overload contributes to
perioperative complications,2 machine learning (ML) models already exist that can
assimilate superhuman quantities of intraoperative data to identify critical events and notify
anesthesiologists.3 Beyond synthesizing data to identify evolving critical events, existing
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systems like Edwards’ Hypotension Prediction Index show that ML-driven technologies can
be used to predict intraoperative hypotension before it even occurs.4~’

While the complete closed-loop anesthesia system Sedasys was ultimately retired, the
concept of an automated system for assessing and intervening on a patient’s depth of
anesthesia lives on for future development.8: In many advanced technologies, the first
attempt is often unsuccessful. Indeed, electric vehicles were conceptualized in the early
1900’s, and attempts made at commercialization during the 1970’s oil embargo and again
in the 1990’s following the Clean Air and Energy Policy Acts. But only recently have

these vehicles seen more widespread adoption. The future will likely come in incremental
steps. For example, one recently deployed Al system focuses on the endoscopy images and
provides cues which led to improved efficiencies for anesthesiologists in terms of timing
emergence and gauging necessary depth of anesthesia.1? As a next step such a system

could prompt the anesthesiologist to decrease anesthetic depth, and then future iterations
could decrease the depth without anesthesiologist prompting. Similarly, modern closed loop
hemodynamic systems automatically adjust vasopressor infusions to maintain a MAP within
a certain target range. Separately, machine learning models can be developed to determine
the “optimal” blood pressure target for a given patient to prevent acute kidney injury or
myocardial injury. It does not take much foresight to see a world where the latter algorithm
to set the target for the closed loop system.

Future iterations of systems based on artificial intelligence will not replace the
anesthesiologist, but rather free them to focus on more cognitively intense tasks. For
example, an algorithm that predicts a higher likelihood of intraoperative cardiac arrest
would not intervene independently, but rather alert the anesthesiologist to decide whether

to proceed with surgery. If that surgery does proceed, the complexity of the decision
making (e.g., types of invasive monitors, optimal selection and changing of ionotropic

and other drugs) would be beyond the task-oriented algorithms of a computer and require
constant input and adjustment by the anesthesiologist. Despite this active involvement, some
aspects of care may be automated, for instance the current use of target-controlled infusions
that already automate maintenance propofol dosing may be extended to micro-titration

of other medications like vasopressors or analgesics.1? What will also be augmented by
several integrated machines, is much of the in-person patient management and workload
management.

The automation of process oriented tasks, does not eliminate the need for an
anesthesiologist, it just changes their role. Machines may be able to quantify risk, but

they are unable to make value-based decisions that require tradeoffs (i.e., lack the “art”

of medicine potential). Thus, the question of what constitutes an unacceptably high risk

of intraoperative cardiac arrest, for example, will ultimately be deferred to a human
anesthesiologist. Preoperatively, this means an enhanced role for the anesthesiologist

in having goal setting conversations with patients, explaining risks and understanding

the patient’s goals of care. Intraoperatively, minor procedures may not require an
anesthesiologist in the room 100% of the time, but rather allow for supervision of some
portions of the case in a nearby “control tower”, making decisions about the flow of patients
from operating rooms to various post-operative destinations and ensuring the patient remains
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stable. The anesthesia control tower model is already being implemented and heavily studied
regarding it’s potential to improve outcomes by leveraging ML to assess risk, diagnose
negative patient trajectories, and implement evidence-based practice.12-14 Overall, novel
technologies will automate parts of current practice such that anesthesiologists can focus
less on mundane tasks and more on critical decision-making and truly human patient
interactions (e.g., allaying anxiety and explaining the anesthetic).

A requirement for any of these changes are modifications to current regulatory and billing
requirements. For example, currently providers cannot bill for remote anesthesia monitoring,
so if that does not change, a provider will always need to be in the room. Similarly, if an

Al algorithm makes a mistake who is liable the anesthesiologist, or the device maker? These
questions will need to be addressed in order to allow for change to occur. A catalyst for
these changes, may be the projected workforce shortages that make it harder to cover all
procedures with a provider in the room at all times.

The Postoperative Period

Historical Context and Current State

The concept of a recovery room adjacent to an operating theatre predates the practice of
anesthesia, with reports describing such rooms in the early 19t century.1® Accompanying
the introduction of ether as an anesthetic agent was a recovery room where patients

would regain consciousness and body warmth.1® During World War 11, nursing shortages
in the United States catalyzed a dramatic increase in the number of recovery areas. In
1947, JAMA'’s publication of the Anesthesia Study Commission cemented the role of post-
anesthesia care, stating that, “the need for postoperative observation rooms under trained
personnel and under the direction of anesthesia service was obvious” based on its role in
reducing preventable deaths.1’

The PACU and hospital stay: Early warning systems and augmented reality

Improvements in intraoperative anesthetic and analgesic agents and techniques will surely
play a role in improving postoperative recovery, but respiratory, cardiac and neurologic
outcomes will remain top priorities. Specific attention to concepts such as the team-
focused failure-to-rescue (FTR),18 and patient-centric concepts like myocardial injury
after non-cardiac surgery (MINS),1 along with emerging concerns such as perioperative
brain health?? and postoperative opioid use disorders will all be high-value targets for
PACU physicians. A likely hard-fought cultural evolution towards acceptance of assistive
algorithms will prove as essential as technological evolution, which is inevitable for the
period after surgery as it is during surgery.

Medical early warning systems (MEWS) have been available and studied for some time and
will represent the foundation of future PACU care, albeit with incredibly improved accuracy
and complexity. In general, these systems help practitioners recognize early signs of patient
decompensation.2! In the decades to come, MEWS will emerge as ubiquitous tools for
augmented postoperative care.22 The MEWS of the future will incorporate preoperative
predictive analytical models?3 as well as classical patient and surgical variables, and will
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rest upon an Al/ML framework to accomplish the goals of improved care and safety,22:24
iterating patients’ propensity for risk in real time.25

ML systems have been shown to improve and personalize existing warning systems, 26
with a strength in predicting outcomes such as acute kidney injury, sepsis, DVT, ICU
admissions, wound, neurologic and cardiopulmonary complications.2”-31 In addition, risk
of future opioid dependence, readmission and long term function will be a major outcomes
requiring predictive measures. Moreover, the MEWS of the future will integrate new and
unexpected data sources such as rich intraoperative32:33 and continuous telemetry and
biosensor data and/or cognitive measures (e.g., EEG), racial/ethnic and socioeconomic
determinants of health, along with surgical data from robotic surgical and/or OR video-
recording platforms.34-37 (See Figure 2)

Our current approach to postoperative monitoring is essentially no different than it was
decades ago, as described previously. Although some of the data points may have changed
and the medical team approach has improved (e.g., with rapid response teams), technology
will play a role in modernizing the capabilities of PACU providers and moving towards
more integrated, “systems anesthesiology” approaches to patient care.38 An especially
forward-looking integration of all of this data will include augmented reality (AR)3° (an
integration of synthetic content with the real world), mixed reality (AR but with the ability
to manipulate the synthetic data) and/or remote automated monitoring systems (a subset

of telemedicine)* in the recovery room. Head-mounted displays, for example, could show
live-streaming risk scores for each patient, bed management and throughput data, computer
vision-assisted interpretation of ultrasound images and widely available biomarker assays
that guide prediction and management of an array of outcomes.*1~43 This sort of interface
will guide patient optimization in real-time with an intense focus on event prediction and the
detection of early signs of deterioration.24

Palla et al. showed that the prediction of PACU hypotension was improved when
anesthesiologists trusted and used an ML model.32 One ML tool, called “Prescience”

was able to assist anesthesiologists in predicting hypoxemia, in a clear example of

how a relationship between humans and machines may outperform either one alone.*
Similarly, Olsen et al. showed a predictive PACU algorithm led to an impressive reduction
in early signs of deterioration while also reducing false alarms.*® The second tier of

focus for AR would be on interventions aimed at improving the longer-term recovery of
patients (discussed below). In each tier of utilization, erroneous data and alarm fatigue
will continually be addressed and improved upon, though there will likely never come a
day where zero error or perfect signal-noise ratio exist.2>46 One question that remains
unanswered, is whether the heads-up display is best via goggles, a contact lens, or a
holographic display projected at the bedside. Currently, companies such as Humane, and
other Al start-ups like it, are patenting technologies that utilize laser projection systems
and incorporate seemingly disparate data such as 3-D cameras and heart rate sensors

for next-generation technological paradigms in industries outside healthcare. But these
companies may build next generation devices that replace all of the devices and interfaces
we have come to rely upon (from computers, to handheld devices and smart watches). The
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Hollywood fantasy of dragging and dropping projected icons from thin air and interacting
with data this way may be closer than we imagine.

(Let us get a picture of a PACU, 15! person, with several patients in their bays, and a
heads up overlay on the screen showing “Red and green” with risk scores and needed
interventions, for example, a healthy patient with a discharge notification and an active
bed-assignment streaming versus a red-zone patient where the troponins came back and
borderline vitals are displayed with suggested management steps displayed—or at least an
option that says something like “suggest next steps™).

The first 30 days and beyond: the perioperative surgical home enters your home

Enhanced recovery protocols and perioperative surgical home concepts have been successful
philosophical drivers of improved perioperative care up until now,*’ but the future will

see these concepts become literal, as patients’ homes become monitored settings. Despite
amazing strides made by our specialty in decreasing preventable anesthetic mortality, the
first 30 days following surgery account for a major source of morbidity and mortality
worldwide, with about 5% of all surgical patients dying in the first year (and 10% in the

65 and older age group)“8, and post-operative mortality is overall the third leading cause of
death worldwide. The major focus in the first 30 days will likely remain MINS, acute kidney
injury, brain health, bleeding and infection as preventable causes of death.4° As surgical
care becomes increasingly decentralized from large healthcare settings and more complex
procedures are performed in an ambulatory setting, this will require an extension of the
concept of and responsibility for postoperative monitoring into patients’ homes. Several key
components will be necessary to maintain safety and integrity of recovery in this eventual
healthcare ecosystem.

To illustrate how this might unfold, let us consider a hypothetical case example: total

knee replacement in a 65-year-old man with a history of coronary artery disease. When

done as a same-day surgery in an ASC, this patient’s recovery will be dependent on

three key technological cornerstones to prevent the most common or worrisome 30-day
complications (in this case, acute coronary syndromes, deep venous thrombosis and/or
infectious complications). First, a reliable internet connection needs to exist in an affordable
and universal way, allowing for two-way communication and data streaming between patient
and provider. Next, affordable and reliable wearable devices or testing media will be needed
for at-home monitoring. These can be classic commercially available watches, although they
are limited by battery power at present. More robust technologies that have sufficient battery
life can fulfill this role, as can “next generation” biosensors that stream real time vital sign
and physiologic data®®-52 along with relevant sweat-derived laboratory sampling data (e.qg.,
lactate)®3°4 to a central server with an Al “eye in the sky” that integrates these data and
reports to a monitoring team. Finally, telemedicine will serve to connect the human on the
other end of all this technological input. This will allow for further discernment of incoming
data and prevent unnecessary hospitalizations while preemptively addressing serious events
before they occur. Realistic development of these paradigms will require technological and
workflow evolutions and revolutions. With all these elements in place, for the patient above
the detection of gradual tachycardia and hypotension, rising skin lactate and a new fever
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would immediately alert the monitoring team of potential evolving infection at home, and
trigger a telemedicine evaluation for triage of the evolving event. (See Figure 3)

Other items that will see robust support and development include integrated team models

of care where, for example, a patient who experienced MINS in the hospital can see a
cardiologist within days of discharge. Similarly, a patient who experienced delirium can get
added nursing care for their home stay, where disorientation might prevent early ambulation
or proper self-care (e.g., wound care), but likely be of shorter duration than in the unfamiliar
(but more highly monitored) inpatient setting where sleep and noise disturbances are more
common and counterproductive. Wearables and telemedicine capabilities will be key in
supporting all of this as well, with robotics/drones being essential to delivery of medical
devices to patients’ homes. Telemedicine capabilities will also be useful for instructions for
aspects of home care that may be new for recovering patients and their families or those who
live in remote locations. As will be the case for intraoperative decision making, while the
technology can enable new options, the decision making of the anesthesiologist will still be
necessary to weigh the complex risks and benefits of deciding which of these patients is best
served recovering at home as opposed to in the hospital.

The long arc of recovery following surgery must be centered on decreasing morbidity and
mortality in the first year(s) and not simply the first 30 days. Predictive analytics at work
during a patient’s hospitalization will provide information to postoperative care teams,
delineating patients’ preoperative risk profiles, immediate perioperative (additive) risks
(e.g., if they experienced sustain hypotension in the OR or at home) and how these might
further predict untoward events or how they may be reversed in the longer recovery period.
For example, had this theoretical patient experienced MINS after their knee replacement,
in addition to physical therapy for their joint recovery, might cardiac rehabilitation and
pharmacologic interventions be warranted? Such care plans will be clearer regarding not
just the primary organs of concern in the perioperative setting (e.g., heart, brain, kidneys),
but also with regards to cancer recurrence, chronic pain and opioid dependence and even
surgical site and deep-tissue infections, making the first year after surgery safer than at any
time in the prior decades, with a new all-cause mortality half of that recorded previously.

Moving beyond the technology.

All of these predictions only lead to more probing questions and these questions are as
interesting as the predictions we may ponder. Who monitors, recovers and cares for patients
once AI/ML/AR achieve widespread acceptance and validation? Who pays? What happens
to patient consent for all this data to go “flying” into space and then beamed back down to

a control center? Who owns the data? Who is qualified to integrate all this information and
what is the bare minimum practitioner who can perform the monitoring role? What would an
insurer think of this entire enterprise if it decreases mortality only very slightly? Might all
this integration improve health equity? Might it worsen it? What is the environmental impact
and footprint of all this extra plastic, electricity and chip usage?

The altered role of the anesthesiologist will necessitate changes in training, to be sure. What
does training become for future anesthesiologists who would be expected to manage all of
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these disparate streams of information? Will there be both an anesthesiology-technologist
and an anesthesiology-clinician pathway separation to serve these purposes? Initially,
training to work with these modalities may be incorporated as a year-long fellowship

(or longer) after a traditional residency in anesthesiology. However, it eventually is

likely that many of these skills will be incorporated into residency to teach not only

skills in the operating room (e.g., IV placement, intubation, medication titration) to
decision-making in front of a computer screen in the control tower. This will require
more than just technical skills but increased training in “soft science”-based subjects

like ethics of healthcare, intraoperative decision-making for life-and-death circumstances,
and interpersonal communication. Similar analogs can be found in the adoption of new
modalities such as ultrasound and TEE which started as skills possessed by a few providers
with advanced training but over time migrated into the mainstream.

While the practice model of the future will still rely heavily on ethical decisions

and more complex decision making by anesthesiologists, autonomous machines may
nevertheless become entangled in questions of liability in the face of bad outcomes.
Faulty equipment, incorrect predictive algorithms, or even racist/biased machine learning®®
may lead autonomous machines to potentially harm human patients. Who, or what,

will be blamed when bad outcomes involving autonomous machines occur? Does the
anesthesiologist have ultimate responsibility (as they do with residents or CRNAS), or
are the manufacturers liable? At the present time, society is already starting to answer
this question as posed by autonomous vehicles. At least for now, a popular approach to
mitigating blameworthiness of machines is by ensuring that humans have at least “light”
control over otherwise autonomous machines.>® Thus, the anesthesiologist in the control
tower may always retain a certain degree of control over autonomous machines in the
operating room, if for no other reason than to ensure that humans are ultimately liable for
clinical outcomes.

Billing and regulatory requirements will need alteration. How are telemonitoring services
reimbursed? Some models, such as the global fee for surgeons (which covers a preoperative
and a certain period of postoperative visits) are challenging in a care team model and
conflict with regulatory requirements of supervision ratios. However, potentially changing
ratios (e.g., 1:10 anesthesiologist to CRNASs) brings up other questions of liability and
oversight. These changes will need to be aligned if we are to allow for, and encourage,
innovation. Even beyond the perioperative provider, will an insurance company be
sufficiently incentivized to pay now for preventative care that may reduce complications
years down the road?

Conclusions

As we noted initially, it is impossible to predict the future with any true accuracy. The

only certainty is change, and the pace certainly seems to be accelerating. Consider the
anesthesiologist who began practice 30 years ago. They have seen the introduction of
propofol, rocuronium, and ondansetron in the first few years of their career. Automated
blood pressure cuffs gained traction in operating rooms, and pulse oximetry quickly became
a standard of care. It would seem impossible to practice today without these innovations,
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and yet, prior to their introduction that is exactly what our anesthesiology progenitors
accomplished.

The developments of futuristic monitoring modalities that incorporate Al and wearable
technology, to name a few, will similarly alter our specialty while building on its strong
foundation. 40 years ago intraoperative mortality was a major concern for anesthesiologists.
A combination of technical and system based changes has made this a less than six

sigma event. However, postoperative morbidity and mortality has now risen to provide

new challenges. The same ingenuity, willingness to change, and applications of technology
will be necessary to make postoperative morbidity and mortality as rare tomorrow as
intraoperative mortality is today.
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Figure 1:
Based on prompts to Midjourney, the digital operating room of the future with integrated

data streams
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Figure 2:
Based on prompts to Midjourney, the PACU of the future with integrated data and

augmented reality
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Figure 3:
Based on prompts to Midjourney, a conceptualization of remote home monitoring, with a

virtual “doctor” watching patients at home.
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Current Factors incorporated in MEWS versus Factors to be integrated in the future

Table:

Surgical coding

Lab work

Current Future
Platform Statistical/regression-driven | ML/AI-driven
Data sources | EMR EMR, real-time hemodynamic monitors
Data points Patient characteristics Real time hemodynamic data

Cognitive data
Surgical/OR video monitoring
Socioeconomic and racial/ethnic determinants of health

Genetic/precision medicine screens

Anesth Analg. Author manuscript; available in PMC 2025 February 01.

Page 16



	Abstract
	Introduction
	The Intraoperative Period
	Historical Context and Current State

	The Operating Room: Integrated monitoring, automated processes and control towers
	The Postoperative Period
	Historical Context and Current State
	The PACU and hospital stay: Early warning systems and augmented reality
	The first 30 days and beyond: the perioperative surgical home enters your home

	Moving beyond the technology.
	Conclusions
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Table:

