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Anesthesia objectives have evolved into combining hypnosis, amnesia, analgesia, paralysis, and
suppression of the sympathetic autonomic nervous system. Technological improvements have led
to new monitoring strategies, aimed at translating a qualitative physiological state into quantita-
tive metrics, but the optimal strategies for depth of anesthesia (DoA) and analgesia monitoring
continue to stimulate debate. Historically, DoA monitoring used patient’s movement as a surro-
gate of awareness. Pharmacokinetic models and metrics, including minimum alveolar concentra-
tion for inhaled anesthetics and target-controlled infusion models for intravenous anesthesia,
provided further insights to clinicians, but electroencephalography and its derivatives (processed
EEG; pEEG) offer the potential for personalization of anesthesia care. Current studies appear
to affirm that pEEG monitoring decreases the quantity of anesthetics administered, diminishes
postanesthesia care unit duration, and may reduce the occurrence of postoperative delirium
(notwithstanding the difficulties of defining this condition). Major trials are underway to further
elucidate the impact on postoperative cognitive dysfunction. In this manuscript, we discuss the
Bispectral (BIS) index, Narcotrend monitor, Patient State Index, entropy-based monitoring, and
Neurosense monitor, as well as middle latency evoked auditory potential, before exploring how
these technologies could evolve in the upcoming years. In contrast to developments in pEEG
monitors, nociception monitors remain by comparison underdeveloped and underutilized. Just
as with anesthetic agents, excessive analgesia can lead to harmful side effects, whereas inad-
equate analgesia is associated with increased stress response, poorer hemodynamic conditions
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Current and Future of Anesthesia Monitoring

and coagulation, metabolic, and immune system dysregulation. Broadly, 3 distinct monitoring
strategies have emerged: motor reflex, central nervous system, and autonomic nervous sys-
tem monitoring. Generally, nociceptive monitors outperform basic clinical vital sign monitoring
in reducing perioperative opioid use. This manuscript describes pupillometry, surgical pleth
index, analgesia nociception index, and nociception level index, and suggest how future develop-
ments could impact their use. The final section of this review explores the profound implications
of future monitoring technologies on anesthesiology practice and envisages 3 transformative
scenarios: helping in creation of an optimal analgesic drug, the advent of bidirectional neuron-
microelectronic interfaces, and the synergistic combination of hypnosis and virtual reality. (Anesth

Analg 2024;138:295-307)

the evolution of depth of anesthesia (DoA) and

nociception monitoring, we will emphasize the
importance of using state-of-the-art monitoring strat-
egies to deliver precision anesthesia, and finally, we
will propose an imaginative vision for the future of
anesthesia.

A fundamental question for any monitoring device
is: “What do we want to monitor to provide informa-
tion on the patient’s status?.” To monitor the degree
of paralysis, it is accepted that a nerve stimulator
provides appropriate information. However, to bor-
row a phrase from a previous editorial: “What should
we properly monitor when we monitor the brain for
anesthesia?.”"

From first principles which have been explored
in previous literature,'? the optimal monitor must
include several characteristics. Amongst these are
the “hardware” properties of: 1) a high refreshment
rate with low latency, to ensure that the displayed
values reflect the current state of the patient; 2) the
ease of use and interpretation; and 3) the economi-
cally viability. More challengingly, the monitor
must have 4) high sensitivity and specificity to be
tailored to the individual patient’s state and condi-
tion. Hitherto, the success in developing effective
monitors is constrained by a circular dilemma: the
definition being used to characterize consciousness
and pain themselves determine the sensitivity and
specificity. Moreover, it is now becoming apparent
that consciousness/unconsciousness are not simple
binary states, but that several states of unconscious-
ness exist and can suitable for surgery. Some of
these states can permit both recall by the patient and
responsiveness during anesthesia, as revealed by
studies using the isolated forearm technique. These
“in-between” states are variously termed “con-
nected awareness,”® “dysanesthesia”* or “cognitive
unbinding.”®

Without focusing deeply on the biological theories,
it has been well established that neuronal excitability,
whether increased or inhibited, is a key element con-
tributing to the conscious state.®” Three mechanisms
exist to reduce this excitability: hyperpolarization of
the cell resting potential, increasing the threshold for

In this article, we will briefly provide an update on
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action potential generation, or reducing the ampli-
tude and propagation speed of the action potential
once it has fired.® In example, most GABAergic drugs
will act with the first mechanism, while other agents
can act on one or a combination of these mechanisms.
The addition of these mechanisms on the neurons will
evolve into a global network phenomenon within the
brain, which will produce distinct signatures on an
EEG for each agent.®

This mainstay of modern DoA monitoring is pro-
cessed electroencephalogram (pEEG), in which the
proprietary algorithms are used to create a dimen-
sionless scale ranging from 0 to 100 to describe the
result (eg, BIS or entropy values). EEG is transformed
into a 3-dimensional power spectral density by plot-
ting the power per wave frequency over time,” which
can also be represented by color to reflect the power of
the waves, creating the density spectral array (DSA).1
However, these algorithms were developed based on
different populations than those encountered during
surgery. Concomitant use of psychoactive and antide-
pressant medications has risen in recent years, along
with aging, which brings with it a higher prevalence
of neurocognitive disorders. Finally, a combination of
agents is used during anesthesia and all these factors
can exert an influence on the EEG signal.

The limitations of pEEG reflect back onto the dis-
cussion above, wherein consciousness and respon-
siveness are appreciated as different.®> With ketamine,
the patient can undergo satisfactory surgery, despite
maintaining high pEEG scores that with other agents
would indicate conscious awareness. The patient
experiences a form of consciousness in the form of
dissociation.

The use of DoA monitoring and analysis by indi-
vidual research groups, in ways unconstrained by pro-
prietary algorithms, has provided valuable insights
into the distinct pEEG and DSA signatures observed
with different anesthetic drugs. Even though we may
struggle to clinically differentiate the states of uncon-
sciousness induced by propofol, etomidate, and ben-
zodiazepines administered at therapeutic doses, and
especially in the presence of neuromuscular block-
ade, the variations in their signatures reflect their dif-
fering and respectively unique effects on the brain.?

ANESTHESIA & ANALGESIA
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Currently, clinicians primarily rely on the pharma-
cokinetics and side effect profiles of these drugs to
guide their selection. However, future investigations
may explore whether specific DSA signatures have
an impact on clinical outcomes, thereby introducing a
new dimension to DoA monitoring.

The main outcome that DoA monitoring seek to
prevent is accidental awareness during general anes-
thesia (AAGA)."?The incidence of AAGA is as high as
1 in 600%if patients are directly questioned postopera-
tively (the Brice interview) but is about 1 in 19,000 (1
in 8000 with neuromuscular blockade) if studies rely
on self-reporting of patients* and may be higher in
patients with poor cardiac reserve or when undergoing
cardiac or in obstetric c-section surgery.!® Total intrave-
nous anesthesia (TIVA) is particularly associated with
the risk of awareness compared to volatile anesthesia as
there is no direct real-time measure of plasma concentra-
tion, unlike end-expiratory concentrations for volatile
agents. Despite encouraging results from earlier stud-
ies, recent randomized controlled trials (RCTs) evalu-
ating DoA monitoring versus ETAG monitoring using
minimum alveolar concentration (MAC), reported
no significant difference in the risk of AAGA between
groups.'®” These results were further confirmed by a
meta-analysis.’® To date, only 1 study investigated the
use of DoA monitoring during propofol anesthesia. The
authors found that the risk of awareness was signifi-
cantly lower in the DoA monitoring group.”

However, DoA monitoring has allowed clinicians
to reduce the amount of anesthetics administered.?*!
Prevention of excessively deep anesthesia offers better
intraoperative hemodynamic control and is associated
with faster emergence and shorter stay in PACU (post-
anesthesia care unit).? Moreover, it may reduce the
development of perioperative neurocognitive disorders
such as postoperative delirium (POD).? Several stud-
ies® > showed that monitoring DoA was associated with
a marked reduction in the incidence of POD.* Recently,
a substudy of the BALANCED study compared light
anesthesia (BIS index readings target of 50) versus deep
anesthesia (BIS index readings of 35) on the incidence
of postoperative delirium,” with POD being reduced in
the light anesthesia group. However, these conclusions
have been questioned on statistical grounds® and the
ENGAGES trial failed to find reduction in POD with
BIS-guided anesthesia compared to routine care.”

Therefore, the current state of knowledge is that
there is no robust evidence that pEEG monitors
reduce the incidence of AAGA, nor that they reduce
POD, although there is hope that they might do so in
future.

Processed EEG
There are several specific pEEG monitors that
we briefly summarize here. The BIS index®! is a
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combination of time domain (burst suppression ratio),
frequency domain (relative beta ratio) and higher
order spectral subparameters (bispectrum). A nonlin-
ear function combines these parameters to produce a
0-100 index.

The Narcotrend monitor automatically classifies
the resting EEG into stages defined by Kugler®**from
awake state (stage A) to isoelectric EEG (stage F)
using 14 distinct graduations. From EEG signal, time
and frequency domain parameters are extracted and
a subset of features is selected based on their ability to
discriminate between the different determined EEG
substages.

The Patient State Index (PSI) is also 0-100 index3%3*
based on quantitative EEG features extracted from a
bilateral forehead probe. The EEG signals are passed
into a series of artifact detection and burst suppres-
sion detection algorithms and finally transformed in
the frequency domain. A subset of features (mostly
related to absolute and relative powers of different
sub bands from 0.5 to 50Hz) that contribute most
to the variance related to the hypnotic state are
normalized, log-transformed and combined in a
discriminant (proprietary) algorithm. The final PSI
algorithm is modulated by 2 functions sensitive to
suppression ratio and to abrupt changes in the level
of sedation.

The entropy monitor relies on the observation
that in the awake patient, the EEG waveform is
not a simple sum of sine waves. Instead, the sig-
nal exhibits nonlinear or chaotic behaviors. As the
depth of anesthesia increases, the EEG shifts from
this chaotic pattern to a more organized one. The
measure associated with chaos is called entropy
and was first proposed as a thermodynamic prin-
ciple. There appears to be a correlation between the
entropy of the EEG signal and the depth of anesthe-
sia. There are numerous ways to compute entropy.
In the commercially available entropy module of
Datex-Ohmeda, the entropy is calculated in the fre-
quency domain and is called spectral entropy. In
fact, 2 spectral entropies are computed.®3¢ The State
entropy (SE) is computed over the frequency range
from 0.8Hz to 32Hz. It includes the EEG-dominant
part of the spectrum. The response entropy (RE) is
computed over a frequency range from 0.8Hz to
47Hz. It includes both the EEG-dominant (0.8 to
32Hz) and electromyography dominant (32 to 47Hz)
part of the spectrum. Both have their own informa-
tive purpose. The time windows for SE range from
60s to 15s to compute entropy over low frequencies.
It is believed to be a stable indicator of the effect
of anesthetics on the brain. On the other hand, the
time windows of RE range from 15.36s to 1.92s. RE
reacts faster to changes and will first rise together
with muscle contractions during arousal.
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The Neurosense was developed on the assump-
tion that the BIS analysis technique induces large
time delays and is therefore not appropriate for
closed-loop anesthesia. The new index, the WAV s,
is especially suited to dynamic situations.” The
overall technique is based on wavelet transforma-
tion of the EEG signal.® It is a common technique
used in signal processing when both time and fre-
quency information are of interest. The researchers
found that the wavelet information associated with
the gamma frequencies (32 to 64 Hz) can be statis-
tically represented as a probability density function
(PDF). Its shape evolves from a flat and wide enve-
lope (awake patient) to a sharp and narrow pike (iso-
electric state). The evolution between these 2 states
(ie fully awake to totally suppressed cortical activity)
characterize the DoA of the patient and correspond
to the probability of being in one of these to states.
The advantage of WAV s method is that it can eas-
ily be implemented in real time (1 sec EEG epoch is
required). It theoretically captures changes in cortical
activity faster than spectral analysis. Like the BIS, the
WASc\s is a 0-100 index. The correlation coefficient
between BIS and WAV - is 0.969.

Middle Latency Evoked Auditory Potentials

In auditory evoked potentials (AEP)* the response
of the brain to an auditory stimulus can be sepa-
rated into 3 phases. Early components of the AEP are
mainly generated in the brainstem. Middle latency
AEPs occur 10-100ms after stimulus and originate
mainly from the primary auditory cortex. Finally, late
latency AEPs reflect neural activity of the association
cortex and are influenced by cognitive analysis. Early
components are not specifically affected by anesthe-
sia and late components are not present during anes-
thesia. On the other hand, middle latency AEPs are
affected in a dose-dependent way under general anes-
thesia. Latency increases and amplitude decreases
with increasing doses of anesthetics for both volatile
and intravenous anesthesia. The Alaris AEP moni-
tor generates an Alaris AEP index to estimate DoA.*
The latter is believed to be best at distinguishing the
transition from unconsciousness to consciousness
compared to BIS, spectral edge frequency and median
frequency.*'#?

Pain and Nociception Monitors

Historically, attempts were made in vain to combine
different clinical parameters into a composite score.**
More specific and more sensitive indexes have since
been developed, validated, and proposed to the cli-
nician to perform personalized anesthesia and pre-
cision medicine perioperatively.** These monitors
and their related indexes will also allow researchers
to precisely study the real impact of anesthetic* or
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analgesic?” drugs to block the transmission of nox-
ious stimuli to allow for an optimal balance between
nociception and antinociception. Only monitors used
to assess intraoperative nociception under general
anesthesia in an adult population will be discussed
in this section.

The general principle of nociception monitoring
relies on the neurophysiology of pain pathways as
originating in a peripheral stimulus, transduced into
electrical impulses, and traveling along the peripheral
unmyelinated C fibers or the myelinated A delta fibers
to the dorsal horn of the spinal cord, where a synapse
exists between this peripheral first-order neuron and
the second-order neuron. The latter will travel the spi-
nal cord in the anterolateral quadrant up to the thala-
mus, from which the impulse will be relayed to the
somatosensory cortex, the frontal cortex, and the lim-
bic system.® Each of these relays can be monitored,
which explains the 3 broad categories of nociception
monitors: motor reflex monitoring, CNS-based moni-
toring, and autonomic nervous system (ANS)-based
monitoring.

Motor reflex monitoring, discussed below, is simi-
lar to the isolated forearm technique to monitor depth
of anesthesia. The core principle is that if the patient
is too lightly anesthetized, they will react to noxious
stimuli, with movement. However, paralyzing agents
automatically blunts this monitoring approach, and
in an unparalyzed patient, it is questionable whether
this specific monitoring adds anything to clinical
observation of patient movement. Finally, it is a curi-
ous property of the isolated forearm responses that
patients do not respond with movement to surgically
induced pain, but they do respond to a verbal com-
mand to move.5*? Thus it is possible that patients
may not respond to painful stimulus in the monitor-
ing of motor responses.

CNS-based monitoring is closely related to current
state-of-the-art DoA monitoring.”® By identifying and
monitoring the brain regions triggered by pain and
influenced by the administration of analgesic agents
to brain tissue, the monitor aims to extract specific
electrical activity, which in turn would be interpreted
as nociception.

ANS-based is a distinct monitoring approach and
exploits the sympathetic response associated with
nociceptive stimuli, and its numerous external physi-
ological manifestations. High frequency pupillometry
can assess the pupillary dilation associated with sym-
pathetic stimulus®; skin conductance assesses the
sudation®%; plethysmography assesses the heartbeat
variations. To improve clinical interpretation, these
monitors analyze values with proprietary algorithms
and offer a summarized interface to the clinician, in
conjunction with a scale from 0 to 100 as we see with
DoA monitoring.

ANESTHESIA & ANALGESIA
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The 4 most commonly commercially available
monitors include: 1) the Analgesia Nociception
Index (ANI, Mdoloris Medical System); 2) Surgical
Pleth Index (SPI, GE Healthcare); 3) pupillom-
etry (AlgiScan/ Neurolight, IDMed); and 4) the
Nociception Level index (NOL, Medasense)].

Pupillometry measures the pupillary diameter
and its variations in response to nociceptive stim-
uli, thus studying the sympathetic activity of the
ANS (eg, the Algiscan; Figure 1A). However, ocular
lesions, head access during surgery, and artifacts due
to bright environmental lighting limit use, and pupil-
lary diameter cannot be measured continuously.

The SPI, formerly named Stress Surgical Index,
reflects the sympathetic activity of the ANS. The infor-
mation given by the microvascular wave impulse
signal of a finger photoplethysmograph, is used to
calculate the 2 parameters: the heart rate variability
and the pulse of the photopletysmographic ampli-
tude (PPGA)(Figure 1B). This dimensionless continu-
ous numerical index (from 0 to 100, with 0= no stress

A Pupillometry - AlgiScan / Neurolight

and 100= high intensity stress) was previously devel-
oped to give a numeric measure of the surgical stress
in patients under general anesthesia. The manufac-
turer recommends a SPI <50 during surgery. Limits in
the use of SPI are cardiac arrhythmia, cardiac pacing
and peripheric vasoconstriction.

The Analgesia Nociception Index (ANI) is based
on the heart rate variability. This technology con-
tinuously analyzes the impact of respiratory sinusal
arrhythmia on heart rate, leading to a measure of the
parasympathetic tone (Figure 1C). Each R spike in
the electrocardiogram (ECG) signal is used to mea-
sure the time variation of the R-R interval. This signal
is normalized and filtered between 0.15 and 0.4 Hz.
Only the parasympathetic variations are used in the
calculation of the index, which are mainly influenced
by the respiratory cycle. The ANI is a dimensionless
index from 0 to 100, where 0 is the sign of high ANS
response to stress, and 100 is a low ANS response to
stress and possibly less nociception. Limits in the use
of ANI are cardiac arrhythmia and cardiac pacing.

B surgical Pleth Index — GE healthcare

Figure 1. Four most commonly commercially available nociception monitors.

February 2024 e Volume 138 ¢ Number 2

www.anesthesia-analgesia.org 299

Copyright © 2024 International Anesthesia Research Society. Unauthorized reproduction of this article is prohibited.



Current and Future of Anesthesia Monitoring

The NOL index is a multiparametric index using
the combination of 5 parameters to measure nocicep-
tion: the heart rate, the PPGA, the skin conductance
and temperature and the time derivative of these
parameters. These parameters, collected from a fin-
ger probe (PMD Medasense Biometrics Ltd, Ramat
Yishai, Israel), are analyzed using a nonlinear regres-
sion of Forest, giving a dimensionless number from 0
to 100, where 0 is no nociception and 100 is very high
nociception (Figure 1D). Limits in the use of NOL are
cardiac arrhythmia, cardiac pacing.

To summarize most of the indexes that reached
the market for clinical daily use were based on 1 or
2 single parameters: pupil diameter, heart rate vari-
ability (HRV, with the ANI index), skin conductance,
plethysmography (with the SPI), skin conductance,
or more recently, a combination of more than 2
parameters such as the NOL index (for Nociception
Level Index, based on heart rate, HRV, skin conduc-
tance, skin temperature, plethysmography). Most of
these indexes (AN, SPI, pupil, NOL) were compared
to the classically used clinical parameters of heart
rate and blood pressure.#48%-% Literature indicates
that these indexes are more precise to detect intraop-
erative nociception under general anesthesia.®®One
even more recent study using secondary analysis of
1 study published in 2021 demonstrated that some
index (here the NOL index) was also able to identify
the analgesic effect of intraoperatively administered
opioids more precisely than heart rate and blood
pressure which suggests it allows for better admin-
istration of the opioids during surgery.®Finally, the
concomitant intraoperative use of nociception moni-
tors (NOL index) with EEG monitors (BIS index)
improves the time for emergence from anesthesia
and PACU recovery.?’

Their use was also able to help identifying whether
regional techniques used intraoperatively offered
proper antinociception during major surgery.®”
Many clinical studies reported a strong reduction of
intraoperative opioids in the groups for whom opi-
oids were given based on this index versus based on
heart rate and blood pressure.®%”7073 That said, there
is no universal agreement, and 1 systematic review
did not support the conclusion of reduced opioids
use.” Arguably, this review did not include the most
recent publications and retrieved only 12 studies
with small sample sizes. Finally, nociception moni-
tors could also yield better hemodynamic intraop-
erative profiles,.”07

The beneficial effects described above also trans-
lates into lower postoperative pain scores and opioid
consumption for several hours after surgery when
these monitors are used. This was consistent when
using the pupil diameter monitoring in gynecologi-
cal surgery,®”> when ANI was used during general
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anesthesia for spine surgery,”* and when NOL index
was used in major abdominal surgery” or gynecologi-
cal surgery.”

Regarding the impact of nociception monitoring
during general anesthesia on long-term outcomes
such as persistent postsurgical pain or opioid use
disorders after major surgery, very few studies eval-
uated these outcomes and were not robust enough
to answer this specific question.® Future research
endeavors should encompass more targeted studies
that specifically address this question. Postoperative
acute or chronic outcomes are outcomes that can be
regarded as patient-centered outcomes (pain levels,
quality of recovery, quality of life...) which are of
major importance nowadays in research and for the
clinical relevance of the trials.

A related question is whether pain may be pred-
icable. ANI values at the end of the surgery, before
extubation, when anesthesia was based on a combi-
nation of sevoflurane and remifentanil, were predic-
tive of the immediate level of postoperative pain in
PACU.”® Similar results were reported for SPL7"7®
More recently, the NOL index values recorded dur-
ing surgery and more precisely NOL values after
skin incision were correlated with the level of pain
in postanesthesia care unit”’One more recent ancil-
lary analysis of the NOLGYN study®” evaluated the
ability of new machine-learning algorithms to predict
moderate to severe acute postoperative pain based on
intraoperative NOL values.?

What Might the Future Hold?

Bill Gates said: “We always overestimate the change
that will occur in the next 2 years and underestimate
the changes that will occur in the next 10.” We expect
both the software and the hardware to change dra-
matically and help individualize the indices of the
monitors to the patient’s specific conditions, including
age, relevant comorbidities, chronic intake of psycho-
active medications (antidepressants, sleeping drugs),
as well as the anesthetic strategy used. By knowing
the patient’s age and extracting the DSA signature
from the EEG, the monitors will recognize specifi-
cally which anesthetic agent is administered, whether
intravenous or inhaled, and will specifically select the
algorithm associated with this anesthetic strategy to
display a personalized index value. Target-controlled
infusion (TCI) pumps use distinct pharmacokinetic
models based on the drug (propofol) and patient’s
demographic, and a similar approach will become a
standard for all these monitors currently “blind” to
the patient’s characteristics.

Software will become self-aware of its own limita-
tions and might have embedded alternate algorithms
to compensate this limitation. For example, a NOL
index monitor might itself suggest omitting the RR

ANESTHESIA & ANALGESIA
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interval variability if the patient has a pacemaker,
detected as the absence of any variability for a pro-
longed period, and use an alternate integrated algo-
rithm using PPGA, skin impedance, and their time
derivatives.

Monitors will become more prescriptive than
solely descriptive. Closed-loop systems will con-
tinuously modulate the administration rate of the
anesthetic medication based on the DoA and noci-
ception monitors. The optimal range will either be
established by the physician or suggested from an
integrated decision support system (DSS) which
preemptively extracts the digital signature from
the patient’s electronic health record. Discrepancies
between the expected evolution of the patient’s
state and the one monitored, will trigger a new set
of alarms suggesting contextualized complications,
ranging from a situation as simple as the loss of our
intravenous access, to something as complex as sug-
gesting undiagnosed carotid stenosis with brain
anoxia. With the increasing number of monitors,
clinicians will be able to focus on optimizing the
patient’s homoeostasis based on the medical situa-
tion, instead of continuously and manually modu-
lating infusion rates to maintain the mean arterial
pressure and NOL index inside the selected range.

Regarding the hardware components, we will wit-
ness a miniaturization of monitors, the elimination
or reduction of the number of wires, and we will use
wearable technologies to continuously monitor the
patient during pre-and postoperative settings. As the
commercial landscape evolves with the merger and
demerger of companies, we will witness the integra-
tion of currently distinct hardware systems, allow-
ing the monitoring of more parameters with fewer
devices applied to patients. Both qNOX and qCON
are novel indexes extracted from the same frontal
electrodes but providing simultaneous information
on both nociception and DoA.# We will witness a
combination of peripheral autonomic system monitor,
with oxygen saturation and potentially some cardiac
output analysis, as well as the integration of neuro-
muscular monitoring with frontal electrodes for DoA.

Anesthesia services will continue to be impacted
by the modification surgical techniques, which pro-
gressively favor minimally invasive approaches
with reduced recovery time. Whether we think
about transapical valve replacement in cardiac sur-
gery, about endovascular aortic prosthesis instead
of open abdominal surgery, or about cryogenic oblit-
eration of renal neoplasia, we have witnessed how
new minimally invasive procedures reduce our
requirements for general anesthesia. In parallel, our
increased understanding of nerve anatomy combined
with the improvements of ultrasound technologies
democratized the sole use of regional anesthesia for
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perioperative anesthesia, which shows clear benefits
over general anesthesia and improves postopera-
tive pain managements.®? A striking example is how
mastectomies are now performed under paraverte-
bral blocks and sedation, allowing faster hospital dis-
charge, less postoperative nausea, and almost twice as
many patients operated per day by reducing turnover
time.® We will probably see a shift away from gen-
eral anesthesia for many surgeries, and the anesthesi-
ologist’s expertise and monitoring tools might evolve
accordingly. Current DoA and nociception monitor-
ing strategies are studied on patients under general
anesthesia, but they will have to adapt their use to the
state of sedation, implying more noise (eg the impact
of emotions on the autonomous nervous system used
to monitor nociception), and thorough analysis of
intermediate states (ie BIS index between 60 and 80).

During the writing of this article, the large lan-
guage model Generative Pretrained Transformers 4
(GPT4) was released to the greater public. After train-
ing on the World Wide Web, this algorithm offered a
chat-based interface capable of answering any ques-
tions asked by the end users, whether it is to write a
poem, to summarize an article, or tackle more abstract
conceptual question. GPT4 now scores at or above the
90 percentile on certain bar exams, is competitive in
mathematical competitions, and has even acquired
respectable credentials as a wine steward, passing
the introductory Sommelier examination. Similar
performance can be seen throughout exams in biol-
ogy, economics, and history. While this algorithm still
produces error 20% of the time by inventing facts, a
behavior called “hallucinations,” its strength resides
in its ability to learn from massive amount of informa-
tion, condense it into short relevant answers.

By 2050, we suggest that these technologies will
have been exposed not only to the scientific medical
literature, but also to the raw data of the electronic
health records across the globe. The ethical barriers
surrounding accessibility of this sensitive data will
have been addressed by different strategies, for exam-
ple by using federated machine learning in which the
algorithm travels instead of the data and can thus be
exposed to medical data within the protected firewalls
without risking being compromised. By standardiz-
ing the way that medical data is reported across the
globe, we will be able to quickly cross-train numerous
algorithms, which will allow the development of new
biotechnologies, and the development of new drugs.
We will be able to personalize the anesthetic treat-
ment and monitoring to the genome of the patients,
or to their connectome, the mapping of the brain’s
synapses (Figure 2). DoA and nociception monitoring
could be achieved by installing high density EEG on
the patients by using a quick interface, which could
be a helmet, and continuously assessing the true
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behavior of the brain. From this, artificial intelligence
algorithms, previously exposed to the connectome of
millions of patients across the globe, will be able to
monitor and cross-control the reactivity of the brain
to the medication. This could extend to presurgi-
cal assessment, in which digital twin would be cre-
ated to tests virtual events before their occurrence®
(Figure 3). To illustrate further, we outline 3 creative
scenarios.

Groundbreaking Analgesic Drugs

We argue that improved and more accurate nocicep-
tion monitoring will itself feedback into our frame-
works for how we understand the pain pathway,
and in turn this could help design better analgesic
drugs using molecular engineering, the increase
of computational power, and the development of
interfacing between living cells and electronics
(Figure 4). The ideal drug would offer predictable
pain control without the side effects of respira-
tory depression, alteration of consciousness, nau-
sea, pruritus, etc. For many surgeries, the patient
could remain awake and be administered only mild

0.1 mm

anxiolysis. This medication could also be used at
home and increase the possibilities for ambulatory
surgery.

Moreover, this drug could also be targeted to
the specific source of postsurgical pain whilst leav-
ing intact the ability to feel other sources of pain.
For example, a burn on the hand would still be felt.
Magnetic guidance could be used to achieve concen-
trating the drug close to the magnet.?*® An alternate
strategy would be to synthetically design both the
agonist and the receptors, and to integrate or genomi-
cally express the receptors only in the targeted cells to
be able to provide the agonist via other administra-
tion routes afterwards.

Physical Manipulation of the Brain Cells’
Depolarization

By increasing our ability to interface microelectronic
systems with biological processes, we might become
able to physically control, or at least modify, neuro-
nal depolarization and so mimic the cell membrane
potential changes created by hypnotic or analgesic
drugs, and control nociception or consciousness at

._.

o~

Figure 2. Visual depiction of the
connectome, mapping the central
nervous system connections and
electrical interactions.
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.N.
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Figure 3. Concept of digital twin
for continuous personalized simu-
lation. EMR indicates electronic
medical records; |oMT, internet
of medical things. Image inspired
from Lonsdale et al.®®

Digital
Twin

the cellular level. Emerging companies are currently
working on a digital neocortex, which would inter-
face with the human cortex to improve connectivity
with the digital world. This technology currently uses
a vast network of tiny ramifications, like limbs, with
sensors recording the electrical activity and relaying it
to the relaying capsule (see Figure 5). While the dem-
onstrations made so far are mostly focused on “read-
ing” the brain activity to manipulate external devices

T

|
L

Number of compounds

like robotic limbs, a natural evolution of the technol-
ogy is also to “write” on the neocortex, and thus trans-
mit new information to the brain. This creates a whole
new set of ethical considerations, but also brings a
whole new set of possibilities. Addressing this ques-
tion is inevitable if we want to interface the digital
world with the human brain.

We could create an interface controlling conscious-
ness and nociception by hyperpolarizing neurons or

w—  Current process
=« Potential accelerated process
with machine learning

Figure 4. Graphical representa-
tion of the impact of machine
learning on drug engineering and
time for development. Source:
https://www.gao.gov/blog/could-
ai-help-create-new-medicines.

approved drug

Time for drug development
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Figure 5. Representation of a digital neocortex with microelectron-
ics and biological interface. Source: Synchron’s flagship technology,
the Stentrode.

triggering action potentials. A thorough understand-
ing of the patient connectome will be required, and
future DoA and pain monitoring might be achieved
by controlling the parameters of this interface, or by
mapping the regions of the brain that we want to
become inactive to avoid relaying nociception. In this
scenario, the idea of anesthesia, whether general or
regional, could be an electronically controlled static
state during which we perform the surgery, and dur-
ing which the anesthesiologist focuses on organ func-
tion. In this scenario, DoA and pain monitors would
become therapeutic and prescriptive, creating this
static state, and monitoring the steadiness of this

- -

Figure 6. Tentative representation of a patient under hypnosis and
immerged in virtual reality during “anesthesia induction” before
a surgical intervention. Image generated by using Midjourney, an
image generating software.
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static state. Depending on the level of complexity of
this new task, a new expert might have to be trained
to overview the integrity of this new anesthesia, while
the anesthesiologists, as we know them, solely focuses
on reanimation and maintaining organ functions.

Hypnosis and Alternate Realities

In our last transformative scenario, we could tran-
siently bring consciousness into alternate realities
while we perform procedures on the physical body.
This is the far end of a spectrum currently investigated
with hypnosis and virtual reality (VR). Use of VR is
already an established distraction strategy to reduce
pain anxiety, notably in pediatrics.®# Its use cur-
rently remains limited to minor procedures, includ-
ing venous access, dental, burn, oncological care, and
during regional anesthesia®”® but could be extended
to more procedures, including those currently requir-
ing general anesthesia (Figure 6). Depth of anesthesia
could evolve towards a “level of immersion” in these
alternate realities. In this hypothetical scenario, pain
monitors would be simultaneously used to avoid
extracting the patients from the alternate realities due
to excessive stimuli from the “real world.”

Although we have made significant progress in
administering safer anesthetic practices to a majority
of patients, the future now holds boundless possibili-
ties for us to explore and embrace. 58
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