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Abstract
Background: General anesthesia is often defined as a drug-
induced, reversible state of unconsciousness with analgesia 
and suppression of reflexes. This single-layer description 
does not capture anesthesia-related, time-structured 
effects across scales, including brain network organization, 
autonomic balance, endocrine stress signaling, immune-
inflammatory responses, and recovery-relevant outcomes.

Objective: Within a perioperative precision-medicine 
perspective, we integrate network-neuroscience evidence 
with a nervous-autonomic-endocrine-immune (NAEI) 
systems framework and propose a three-layer working 
definition that reframes anesthesia as a reversible multiscale 
tuning process. An optional Yin–Yang/quantum discussion is 
included strictly as a cross-disciplinary heuristic to generate 
falsifiable, proxy-anchored research questions, not as 
mechanistic proof or a basis for clinical recommendations.

Methods: Conceptual narrative review (2000-2025). We did 
not follow PRISMA procedures or perform meta-analysis. To 
improve auditability, we used an evidence-gradient approach 
with multi-database searching plus citation tracking and 
constrained key claims to measurable anchors (EEG, HRV, 
inflammatory/endocrine markers, and behavioral/clinical 
outcomes).

Results: The proposed model couples three layers: (1) a 
clinical-operational layer of controllable “knobs” for state 
control; (2) a systems-network layer describing NAEI 
trajectories across perioperative time windows; and (3) a 
micro-level hypothesis-generating layer that remains strictly 
conditional and non-causal.

Conclusions: An NAEI-guided, three-layer tuning 
paradigm supports explicit knob-readout-outcome mapping, 
phenotype-network-outcome modeling, and hypothesis-
driven study designs for endpoints such as perioperative 
neurocognitive disorders, infection/inflammatory burden, 
and recovery trajectories.
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Introduction
Classic reviews define general anesthesia as a 

drug-induced, reversible depression of the central ner-
vous system. Clinically, it presents as loss of conscious-
ness, analgesia, attenuated reflexes, and muscle relax-
ation [1-3]. With advances in systems neuroscience and 
functional neuroimaging, anesthesia has been placed 
within a “sleep-anesthesia-coma continuum,” alongside 
natural sleep and pathological coma as distinct brain 
states [1-3]. In this view, unresponsiveness does not 
necessarily equal unconsciousness. Behavioral non-re-
sponse must be separated from changes in subjective 
experience and awareness [4]. Anesthesia is therefore 
not only a clinical tool. It also functions as an in-vivo mod-
el for studying consciousness. By tracking how aware-
ness is lost and returns under controlled drug exposure, 
competing theories can be linked to measurable proxies 
and mapped onto clinically observable state transitions 
[5,6].

Over the past two decades, many studies have ex-
amined how anesthetics reshape large-scale brain net-
works. Across agents, general anesthesia can weaken 
information integration between hub regions and alter 
the topology of the default mode and fronto-parietal net-
works, yielding a broadly consistent “network disconnec-
tion” pattern [7-9]. During early propofol-induced loss of 
consciousness, networks can fragment rapidly and long-
range connections can collapse, whereas recovery often 
coincides with reconnection [10]. High-density EEG has 
further defined reproducible spectral and phase features 
during loss and return of consciousness, providing objec-
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Methods Overview: A Minimal, Audit-
able Strategy for a Narrative Review

This article is a conceptual narrative review and the-
oretical synthesis. Given the cross-scale scope of the 
topic, we did not conduct a PRISMA-guided systematic 
review or quantitative meta-analysis. To reduce selec-
tive-citation risk and improve auditability, we adopted a 
minimal, auditable strategy built on three principles:

Multi database, cross disciplinary coverage
We performed parallel searches and citation track-

ing across four framework-aligned blocks: (i) anes-
thesia-consciousness-brain networks (EEG/fMRI con-
nectivity, complexity, PCI); (ii) NAEI physiology (HRV/
autonomic, inflammatory and endocrine readouts); (iii) 
perioperative outcomes across time windows (PND/de-
lirium, infection, recovery trajectories, and selected lon-
ger-term endpoints including cancer outcomes); and (iv) 
controversial micro-level proposals (microtubules/Orch-
OR, quantum biology, oxygen-pathway), treated strictly 
as hypothesis-generating [7-13,17-21,26-28].

Evidence gradient labeling
Framework elements were stratified as strong, mod-

erate, or speculative, and correlational findings were not 
framed as causal. When discussing consciousness the-
ories, we organized arguments as competing predictions 
linked to measurable proxies [22-27,29]. Briefly, we la-
bel evidence as strong when supported by convergent 
findings and/or quantitative synthesis, moderate when 
supported by consistent but context-dependent clinical/
mechanistic literature, and speculative when primarily 
theoretical, model-based, or limited to indirect/animal 
evidence.

Priority of measurable anchors and falsifiability
All cross-layer claims were tied to at least one mea-

surable anchor (EEG, HRV, inflammatory/endocrine 
markers, behavioral or PRO outcomes), enabling verifi-
cation or falsification. For anesthetic brain states, read-
outs were anchored to established EEG state markers 
and monitoring evidence, avoiding reliance on a single 
scalar index [11,28-35]. In contested domains, we ap-
plied a causal-guarding rule: mechanistic verbs were 
avoided unless supported by strong evidence; other wise 
we used conditional language and paired each claim 
with at least one measurable proxy and an explicit falsi-
fication route.

Minimal search trace
We searched PubMed/MEDLINE, Embase, Web 

of Science Core Collection, and Scopus (2000-2025), 
supplemented by backward/forward citation tracking; 
the last search was performed on 26 December 2025. 
Example (database-adapted) strings included: (“general 
anesthesia” AND consciousness AND (EEG OR connec-
tivity OR complexity OR PCI)); (anesthesia AND HRV); 
(anesthesia AND (IL-6 OR CRP OR cortisol)); and (anes-
thesia AND cancer AND (recurrence OR survival)). We 
prioritized consensus statements, major reviews, and 

tive signal endpoints for state transitions [11]. Together, 
these findings suggest that a single “receptor inhibition” 
narrative is not sufficient; a more useful account orga-
nizes multiscale readouts into measurable, reviewable 
loops that can support cross-study comparison and hy-
pothesis testing [8,9,11].

Against this background, we describe anesthesia as 
a multiscale tuning process. It includes controllable clin-
ical “knobs,” such as anesthetic depth, analgesia-seda-
tion balance, ventilation and circulation targets, sleep/
circadian support, and neuromodulation parameters. It 
also includes systems-level readouts, such as EEG con-
nectivity and complexity, HRV and autonomic reflexes, 
inflammatory and hormonal profiles, and behavioral and 
patient-reported outcomes (PROs) [11-13]. At the cir-
cuit and cellular level, anesthesia and sleep share core 
substrates, including the ascending arousal system, the 
thalamic reticular nucleus, and cortico-thalamic loops. 
Animal studies suggest that GABAergic neurons in the 
thalamic reticular nucleus participate in propofol- and 
isoflurane-related state control [12-14]. At the synaptic 
and microcircuit level, intravenous and inhaled agents 
modulate GABAergic and glutamatergic transmission, 
ion channels, and excitation-inhibition balance, thereby 
altering effective information propagation across net-
works [15,16].

To avoid relying on behavior alone, anesthesia re-
search has also developed behavior-independent 
metrics. Examples include TMS-EEG-based perturba-
tional complexity measures (e.g., PCI), interpretable 
deep-learning approaches that separate arousal from 
content-related EEG components, and integrated-infor-
mation-related estimates derived from high-density re-
cordings [17-19]. During recovery, network efficiency and 
posterior alpha patterns have been used to characterize 
return trajectories. Resting-state studies under ketamine 
show selective disruption within the default mode and 
fronto-parietal networks, supporting network-level phe-
notyping across anesthetic states [20,21]. Major theories 
of consciousness-including IIT, GNW, and recurrent pro-
cessing-provide testable, competing predictions about 
which signals should change with consciousness and 
how those changes relate to behavior [22-25]. Work on 
dynamic complexity and on dissociating “environment 
awareness” from “self-related awareness” further sug-
gests that content, access, and report can diverge in an-
esthesia settings [26-30].

This paper is a concept-integrative framework/posi-
tion piece for perioperative clinicians and researchers. 
The primary evidentiary weight is placed on the clin-
ical-operational layer and the NAEI systems-network 
layer, expressed through an audit-ready “knobs-read-
outs-outcomes” language. An optional micro-level Yin-
Yang/quantum discussion (Section 8) is included solely 
to generate falsifiable questions linked to measurable 
proxies; it is not presented as mechanistic proof, a caus-
al model, or a basis for clinical recommendations, and it 
may be skipped without loss of the clinical-NAEI frame-
work.
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landmark studies that link claims to measurable anchors; contentious areas were presented with competing inter-
pretations and non-causal language. Where our prior work is cited, it serves only to document terminology/concept 
provenance; major claims are supported primarily by independent external evidence. Examples of evidence-gradient 
labeling and their corresponding measurable anchors are summarized in (Table 1).

Table 1: : Evidence gradient: Multi-scale framework elements and measurable anchors.

Finally, the micro-level Yin-Yang/quantum content 
(Section 8) is intentionally optional and speculative: it is 
included solely to generate falsifiable questions linked to 
measurable proxies and is not presented as mechanistic 
proof or a basis for clinical recommendations.

The Sleep Anesthesia Coma Continuum 
and Phenotypes of Unconsciousness

Within the sleep-anesthesia-coma continuum, propo-
fol-induced loss of consciousness is commonly associ-
ated with rapid fragmentation of functional networks and 
collapse of long-range connectivity, whereas recovery is 
typically accompanied by network re-integration [9,10]. 
High-density EEG captures reproducible spectral and 
phase features during both loss and return of conscious-
ness, providing objective endpoints for state transitions 
[10,11].

Mechanistically, anesthesia and sleep share core 
substrates, including the ascending arousal system, 
the thalamic reticular nucleus, and cortico-thalamic cir-
cuits. GABAergic neurons in the anterior thalamic re-
ticular nucleus have been implicated in propofol- and 
isoflurane-related state control [12-14]. Across agents, 
intravenous and inhalational anesthetics modulate GAB-
Aergic and glutamatergic transmission and voltage-gat-
ed channels, shifting excitation-inhibition balance and 
weakening effective information transfer [15,16]. These 
multiscale findings reinforce a key distinction: unrespon-

siveness does not necessarily equal unconsciousness, 
and internal experience may persist during behaviorally 
unresponsive states [4,15].

Accordingly, behavior-independent readouts have 
been developed. Perturbational complexity (PCI) uses 
TMS-EEG to quantify post-stimulus spatiotemporal com-
plexity as a proxy for consciousness capacity, while in-
terpretable deep-learning approaches and integrated-in-
formation-related metrics (φ) further separate arousal 
from content-related components across states [17-19]. 
During recovery, network efficiency and posterior alpha 
activity track return trajectories. Resting-state fMRI un-
der ketamine shows selective disruption within default 
mode and fronto-parietal networks. Cross-species evi-
dence further suggests that general anesthesia reduces 
the “uniqueness” of functional connectivity, shifting the 
brain toward lower-diversity configurations [8,10,20,21]. 
Together, these measures provide a network-level toolkit 
for characterizing anesthetic brain states and recovery 
trajectories, and they motivate the theory-driven, falsifi-
able contrasts summarized next (Table 2).

Integrating Consciousness Theories 
with Anesthetic States: Testable Predic-
tions and Contrasts

Major theories of consciousness (e.g., IIT, GNW, re-
current processing) differ in structural assumptions and 
dynamics and therefore generate distinct predictions 

Evidence level Representative elements 
(how used in this article)

Representative measurable 
anchors

Falsifiable / testable path-
ways (examples)

Strong evidence Anesthesia-related EEG 
spectra/burst suppression, 
connectivity and network frag-
mentation; reproducible signal 
markers of loss and recovery 
of consciousness; perioper-
ative trajectories of HRV and 
inflammatory/stress responses 
[10,11,20,31,32,34,35]

EEG spectra/complexity, 
BIS/entropy; fMRI functional 
connectivity; HRV (rMSSD, HF, 
LF/HF); inflammatory markers 
such as IL-6 and CRP [11,31-
33]

Compare network readouts 
across drugs/techniques 
under matched depth strata; 
use time-window trajectories 
to predict recovery quality/
delirium risk [11,20,21,33,34]

Moderate support Multi-axis NAEI coupling 
framework; directional effects of 
neuromodulation (VNS/taVNS, 
electroacupuncture/TEAS) on 
autonomic and inflammatory 
readouts (context-dependent) 
[31,32,35]

HRV + inflammation/cytokines 
+ stress hormones; sleep 
continuity; QoR, pain, delirium 
[31,32,33]

Prospective cohort or 
embedded randomization: 
intervention → NAEI trajecto-
ries → outcomes; mediation/
path analysis (not equivalent 
to causal proof) [26,31,32,33]

Speculative (hypothesis-gen-
eration layer)

Orch-OR, quantum coherence, 
microtubule oscillations; “Yin-
Yang” as a heuristic mapped 
to measurable physiological 
variables [22-25,28-30]

EEG complexity/perturbational 
response, HRV-inflammation 
coupling, energy-metabolism 
markers [17-19,31,32]

Formulate competing 
predictions in “if…then…” 
form; compare theories on 
perturbation-response and 
complexity-drop patterns; re-
quires independent empirical 
validation [17,22-25]
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Table 2: Evidence boundaries, core disputes, and testable proxies for major consciousness theories under anes-
thesia (e.g., IIT, GNW, and related accounts).

Theory / framework Core prediction (simplified) Measurable readouts under an-
esthesia (examples)

Testable control designs 
(examples)

IIT (Integrated Infor-
mation Theory)

Unconsciousness primarily 
reflects reduced information inte-
gration; decreases in complexity/
integration should track loss of 
consciousness [22,17]

PCI; complexity/entropy metrics; 
integrated functional connectivity; 
perturbation-response spatiotempo-
ral complexity [17-19]

Compare complexity-drop pat-
terns across agents and depth 
strata; at matched behavioral 
unresponsiveness, test wheth-
er complexity differs [17,23]

GNW (Global Neuro-
nal Workspace)

Consciousness depends on 
ignition of a globally accessible 
workspace; unconsciousness 
reflects failed global broadcasting/
blocked ignition [25,22]

Frontoparietal long-range connec-
tivity; ignition-like EEG/ERP signa-
tures; task-evoked global broadcast 
signals (paradigm-dependent) 
[25,23]

Under task paradigms, 
compare loss and recovery of 
ignition/broadcast markers; 
designs that dissociate these 
markers from overt report 
ability [25,29]

Recurrent process-
ing / posterior-cor-
tex-dominant view 
(example)

Conscious content relies more on 
recurrent processing in posteri-
or cortex; frontal cortex is more 
related to reporting [23,29]

Posterior-cortex connectivity and 
local–global interactions; report 
vs no-report paradigm differences 
[23,29]

No-report controls: test links 
between posterior readouts 
and experiential cues without 
explicit report [23,29]

about which signals should change under anesthesia, 
the magnitude of those changes, and whether neural 
markers can dissociate from behavior [22,25]. A central 
NCC debate concerns whether experiential content de-
pends primarily on posterior cortices, while frontal re-
gions are more strongly linked to report, access, and 
executive control [23,29]. GNW emphasizes ignition and 
maintenance of a globally accessible workspace, priori-
tizing long-range connectivity and ignition-like dynamics 
as key readouts [22-25].

To avoid unresolved theory debate, we translate dis-
agreements into operational contrasts. Evidence bound-
aries, disputed points, and measurable proxies are 
presented side by side, with anesthesia-specific com-
parison paths outlined in Table 2. This format enables 
re-evaluation, external validation, and falsification within 
harmonized time windows and acquisition frameworks 
[22-25]. To illustrate the approach, we provide an anes-
thesia-specific contrastive testing framework using IIT 
and GNW as examples (Table 3).

Table 3: Testable predictions in anesthesia: IIT vs GNW.

Theory Core claim 
(ultra-brief)

Key prediction for 
anesthesia

Priority measurable 
anchors (examples)

Falsifiable prediction 
(examples)

Main limitations / 
caveats

IIT (Integrat-
ed Informa-
tion Theory)

Consciousness 
corresponds 
to the amount/
structure of 
integrated 
information 
[22,17]

Anesthesia markedly 
reduces integration/
complexity; pertur-
bation-evoked global 
integration decreases 
[17-19]

PCI/perturbational 
response; EEG com-
plexity and long-range 
coupling; spread of 
evoked potentials 
[17-19]

If behavior is unre-
sponsive under anes-
thesia but PCI remains 
near awake levels, one 
must explain “unre-
sponsiveness ≠ uncon-
sciousness” or model 
mismatch [4,15,17]

Metrics depend on 
paradigms and SNR; 
different agents may 
produce distinct 
complexity trajecto-
ries [11,18]

GNW (Glob-
al Neuronal 
Workspace)

Consciousness 
depends on 
global broad-
casting/ignition 
in the work-
space [25,22]

Anesthesia suppresses 
global broadcasting/
ignition (e.g., frontopa-
rietal); local process-
ing may persist while 
global access is limited 
[25,23]

Frontoparietal func-
tional connectivity; P3/
ignition-related ERP; 
cross-regional phase 
synchrony/effective 
connectivity [25,23]

If global connectivity 
is strongly suppressed 
yet stable ignition-like 
activity and report-like 
cues persist, GNW 
predictions require 
revision or stratification 
[25,29]

Connectivity mea-
sures are vulnerable 
to motion/EMG 
artifacts; different 
agents may “dis-
connect” different 
pathways [11,8]

Consensus 
layer (this 
article)

Organize 
hypothe-
ses around 
measurable 
anchors rather 
than adjudi-
cating theories 
[22,24]

Translate disputes into 
controlled experiments 
and data acquisition 
plans [22-25]

EEG (depth + com-
plexity) × behavioral 
responsiveness; add 
HRV/inflammation as 
NAEI coupling read-
outs when needed 
[11,17,31,32]

If predictions are 
systematically incon-
sistent with multicenter 
data, update the model 
or delimit its domain 
[22,24]

This article does 
not deliver a final 
verdict; it provides a 
framework for asking 
falsifiable questions 
[22,24]
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A key limitation follows: no single brain readout can 
discriminate among theories. Consequently, theory test-
ing in anesthesia is most informative when coupled to 
perioperative system-level anchors (e.g., HRV, inflam-
matory and stress axes) and to outcome-relevant time 
windows, enabling an auditable multiscale validation 
chain and NAEI-based modeling of recovery variability 
[31,32,35]. This coupling provides the bridge to the sys-
tems-network layer developed in the next section.

The Systems Network Layer: The NAEI 
Network from Axes to Outcomes
HRV, inflammation, and the NAEI axes

To capture anesthesia’s broad effects on brain-
body systems, a purely central nervous system view is 
insufficient. The nervous, autonomic, endocrine, and 
immune-inflammatory axes must be integrated as the 
NAEI network [1,35]. HRV, as a dynamic marker of sym-
patho-vagal balance, has been widely reviewed in anes-
thesia assessment, hemodynamic risk stratification, and 
postoperative recovery [31,35].

Perioperative inflammation is shaped jointly by anes-

thetic drugs and techniques, surgical stress, pain, and 
sleep disruption, and should be interpreted within defined 
time windows and covariate frameworks rather than at-
tributed to single factors. Meta-analyses suggest anes-
thetic approaches may be associated with differences in 
IL-6 and CRP, but effects are context dependent [32,35]. 
In oncologic surgery, the “critical window” hypothesis 
makes pathways from anesthetic/analgesic strategy to 
immune-inflammatory modulation and longer-term out-
comes testable, but requires multi-axis covariate control 
and re-auditable endpoints [33,34,36-38].

Accordingly, we treat inflammation and immunity not 
as conclusions but as measurable anchors within the 
NAEI network that connect stress load, analgesic quali-
ty, sleep continuity, and infection or recovery trajectories. 
Operationalization follows a “term → node → proxy → 
falsifiable criterion” mapping (Table 4). In practice, dom-
inant modules (N, A, E, or I) and priority anchors can be 
identified within each perioperative time window, guiding 
knob selection and reassessment. Figure 1 provides a 
minimal schematic of key readouts, controllable knobs, 
and outcome endpoints across the N/A/E/I modules, em-
bedding Table 4 within a single auditable loop.

Figure 1: Conceptual NAEI network for multi-scale perioperative tuning: measurable anchors, controllable levers, 
and outcomes.
Each module is paired with representative measurable anchors and corresponding controllable intervention knobs 
(e.g., anesthetic depth, analgesia, neuromodulation such as taVNS/breath training, sleep and environmental op-
timization, temperature/metabolic management). Conceptual schematic; not a mechanistic or quantitative model.
Abbreviations: A, autonomic/homeostasis; CRP: C-reactive protein; EEG: Electroencephalography; EtCO2: 
End-Tidal Carbon Dioxide; HPA: Hypothalamic Pituitary Adrenal; HF: High Frequency; HR: Heart Rate; HRV: Heart 
Rate Variability; I: immune Inflammation; IL-6: Interleukin-6; LF: Low Frequency; MAP: Mean Arterial Pressure; 
N: Brain Networks/Consciousness; NAEI: Neural Autonomic Endocrine Immune; NLR: Neutrophil to Lymphocyte 
Ratio; PCI: Perturbational Complexity Index; PND: Perioperative Neurocognitive Disorders; QoR: Quality of Re-
covery; rMSSD: Root Mean Square of Successive Differences; taVNS: Transcutaneous Auricular Vagus Nerve 
Stimulation.
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Table 4: NAEI network: Modules, key measurable anchors, and controllable tuning knobs.

Heuristic term NAEI node map-
ping

Measurable proxy variables 
(examples) Falsifiable criteria (examples)

“Yang-predominant / 
high arousal”

N/A (brain network 
+ autonomic)

Higher EEG complexity or in-
creased β/γ activity; lower HRV-
HF with higher LF/HF; increased 
sleep fragmentation [10,11,31]

If high-arousal readouts persist 
after controlling pain/medica-
tions, the phenotype is support-
ed; otherwise falsified [4,11,31]

“Yin-predominant / low 
arousal / low metabolic 
state”

N/E (brain network 
+ stress axis)

Tendency toward EEG burst 
suppression; reduced tempera-
ture/metabolic rate; blunted or 
delayed stress-hormone re-
sponses [11,13]

If a persistently low-reactivity tra-
jectory remains under matched 
depth and stable physiology, it 
can serve as a testable pheno-
type [11,33]

“Yin-Yang reconstruc-
tion / rebalancing”

N/A/E/I (multi-axis) HRV recovery speed + inflam-
matory decay speed (IL-6/CRP) 
+ EEG complexity rebound 
trajectory + PROs (sleep/fatigue) 
[10,11,31,32,36-38]

If an intervention improves 
these trajectories in concert and 
aligns with better outcomes, 
support; otherwise not supported 
[31,32,35,36-38]

“Rising-falling / transi-
tions”

Time-window con-
cept (perioperative 
windowing)

Windowed trajectories 
across preop-induction-main-
tenance-emergence-PA-
CU-POD1-3 [31,32,34,36-38]

Only use the term if directional 
changes occur within prespeci-
fied windows and are reproduc-
ible [31,32,34,36-38]

Anesthetic techniques and cancer outcomes
In oncologic surgery, perioperative immunosuppres-

sion is widely regarded as a critical window relevant 
to recurrence and metastasis. Anesthetic and surgical 
techniques may modulate the tumor microenvironment 
through effects on neuroendocrine stress signaling and 
immune cell function, including NK activity and T-cell 
differentiation [33,34]. The autonomic and immune sys-
tems also interact bidirectionally via neuro-immune re-
flex pathways [34,35].

Randomized trials in breast cancer surgery compar-
ing combined regional anesthesia-analgesia plus gener-
al anesthesia versus general anesthesia alone found no 
significant difference in long-term recurrence, although 
regional techniques can reduce opioid exposure and im-
prove early recovery [36,38-41]. Observational studies 
report associations between anesthetic technique and 
long-term outcomes but are constrained by confounding 
and heterogeneity [37,38]. Recent reviews conclude that 
current evidence does not support a definitive claim that 
any anesthetic technique reduces cancer recurrence, 
while perioperative immune-inflammatory modulation 
remains a research priority [34,38]. Accordingly, we use 
conditional, non-causal language and decompose this 
domain into measurable anchors (inflammation, stress 
markers, HRV, analgesic quality) and testable pathways 
(e.g., mediation analyses, embedded randomization, 
multicenter external validation) [31,32,42,43].

Evolution of Perioperative Medicine and 
the Role of the Anesthesiologist

Within the perioperative medicine paradigm, the an-
esthesiologist’s role has expanded from intraoperative 
drug administration to longitudinal risk management 
spanning preoperative assessment, intraoperative mon-
itoring, and postoperative recovery [39,40]. Contempo-
rary reviews and ERAS-oriented consensus statements 
emphasize integrated care across time windows, in-

cluding multimodal analgesia and opioid minimization, 
organ protection, early mobilization, nutritional support, 
and sleep/circadian preservation [40-42]. Perioperative 
precision medicine further advocates integrating omics, 
imaging-derived phenotypes, and large-scale data to 
individualize strategies based on risk phenotypes and 
network states [40,43]. Within our framework, anesthesi-
ologists can be re-envisioned as “physiological tuners” of 
the NAEI network: the objective extends beyond achiev-
ing anesthetic depth to optimizing multi-axis trajectories 
across perioperative phases to reduce complications 
and improve recovery quality [41-43].

Nonpharmacologic Neuromodulation: 
VNS and Electroacupuncture as Tuning 
Tools

Nonpharmacologic neuromodulation, including trans-
cutaneous auricular vagus nerve stimulation (taVNS), 
offers additional tools for NAEI tuning [44,45]. Existing 
studies suggest VNS-related approaches may influ-
ence susceptibility to cardiac arrhythmias (including atri-
al fibrillation) via autonomic rebalancing, but observed 
effects depend on stimulation parameters, indications, 
and study design [35,44]. In healthy participants and in 
patients with rheumatoid arthritis or systemic lupus er-
ythematosus, deep-breathing protocols combined with 
taVNS have produced measurable HRV changes, sup-
porting the feasibility of modulating slower dynamics 
along the vagal-immune/inflammatory axis [31,45].

We therefore position taVNS and electroacupuncture 
as “parallel tuners” at the systems-network level (Figure 
2). In this framework, these interventions primarily tar-
get slower dynamics within the autonomic (A) and im-
mune-inflammatory (I) modules and are evaluated jointly 
with perioperative outcomes. In perioperative settings, 
evidence also supports measurable links between elec-
troacupuncture, inflammatory markers, and neurocogni-
tive endpoints in older adults [32,46]. Accordingly, phar-
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Figure 2: Input locations of non‑pharmacologic neuromodulation (taVNS/electroacupuncture) within the NAEI 
network and links to outcomes.
Illustrates how surgical trauma, anesthetic drugs and techniques (including regional anesthesia), and non‑phar-
macologic neuromodulation (taVNS/electroacupuncture) can act as parallel tuners on the NAEI axes, reshaping 
perioperative trajectories and downstream outcomes (e.g., PND/delirium, infection/sepsis, cancer recurrence/pro-
gression, cardiovascular events). Conceptual schematic intended to clarify the “inputs → axes → outcomes” chain.
Abbreviations: A: Autonomic (sympatho-vagal) Balance; E: Endocrine (hypothalamic-pituitary-adrenal, HPA: Axis 
and Stress Hormones); GA: General Anesthesia; HPA: Hypothalamic Pituitary Adrenal; I: Immune Inflammatory 
profile; N: Brain Networks; NAEI: Neural Autonomic Endocrine Immune; PND: Perioperative Neurocognitive Dis-
orders; taVNS: Transcutaneous Auricular Vagus Nerve Stimulation

macologic anesthesia provides rapid, predictable control 
of consciousness and analgesia, whereas nonpharma-
cologic tuners are modeled as adjuncts that may reshape 
sympatho-vagal balance and immune-inflammatory load 
over longer time scales, potentially influencing PND, in-
fection risk, and recovery trajectories [32,41,44,45].

The Micro Level: Yin Yang and Quantum 
Concepts as a Hypothesis Generating 
Layer

This section treats Yin-Yang and quantum-related 
concepts strictly as cross-disciplinary heuristics for hy-
pothesis generation. They are not presented as estab-
lished mechanisms of anesthesia or consciousness. Any 
micro-level proposition must be evaluated through mea-
surable proxies and independent evidence at the clini-
cal-operational and systems-network layers.

Microtubule and quantum-related theories: Condi-
tional discussion and falsifiable predictions

The Orch-OR framework proposes that conscious-
ness may involve quantum processes within neuronal 
microtubules and that anesthetics could disrupt these 
processes [47,48]. Molecular modeling and theoretical 
work further suggests that some inhalational anesthetics 
may interact with specific tubulin domains, potentially al-

tering microscopic energy or information channels; here, 
such claims are treated as testable hypotheses requir-
ing independent empirical validation rather than estab-
lished mechanisms [48-50]. CaMKII-mediated micro-
tubule phosphorylation and cytoskeletal signaling have 
been implicated in memory-related processes, but sub-
stantial multilevel evidence is required to connect these 
findings to clinical anesthesia phenomena [13,49]. More 
broadly, quantum-biology reviews cite examples (e.g., 
photosynthesis, olfaction) to illustrate potential roles for 
coherence or tunneling; these examples do not imply 
that consciousness is a quantum phenomenon, but they 
can motivate falsifiable anesthesia-relevant questions 
[50]. Throughout, micro-level hypotheses are presented 
alongside non-quantum alternatives, including recep-
tor-synapse-network coupling, cytoskeletal dynamics, 
and network criticality [13,22,50].

Yin yang balance and the oxygen pathway hypothe-
sis: From heuristics to measurable variables

From an energy-metabolism perspective, the “oxy-
gen pathway perturbation” hypothesis proposes that an-
esthesia may alter oxygen delivery or utilization, thereby 
influencing cellular energy states relevant to state main-
tenance [13,51]. Drawing on Yin-Yang concepts as an 
auxiliary clinical heuristic, we use “Yang” to index out-
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ward, high-activity/high-complexity/high-metabolic con-
figurations and “Yin” to index inward, stable, low-noise, 
restorative configurations. These descriptors are mapped 
to measurable variables (e.g., HRV, hormonal markers, 
immune indicators) rather than treated as mechanistic 
explanations [31,52].

To minimize abstraction, we apply a “parallel descrip-
tion” rule: whenever Yin/Yang, ascent/descent, balance/
imbalance, or transition/reconstruction terms are used, 
at least one measurable proxy (EEG, HRV, inflamma-
tion, metabolism, or behavioral outcome) is stated along-
side the label, ensuring falsifiability and reproducibility 
[11,31,35].

Operational definition (heuristic, falsifiable): here, 
“Yin-Yang reconfiguration” denotes a time-windowed, 
reversible shift of the perioperative trajectory from a 
high-stress/low-stability configuration toward a more ho-
meostatic, recovery-supportive configuration, expressed 
only via measurable proxies [31,35]. A “reconfiguration 

event/trajectory” is recorded when (i) brain-state read-
outs move toward recovery-consistent patterns across 
emergence-POD1 (e.g., reduced burst-suppression bur-
den and/or recovery of interpretable EEG complexity/
connectivity markers) [11,17-19]; (ii) autonomic balance 
improves under stable ventilation/hemodynamics (e.g., 
increased rMSSD/HF in short rolling windows) [31,35]; 
and (iii) stress-inflammatory proxies trend toward low-
er load where feasible (e.g., IL-6/CRP and/or cortisol), 
accompanied by improved clinical anchors (e.g., QoR, 
sleep continuity) [32,41]. Falsification: if these proxies 
show no incremental explanatory value beyond anes-
thetic/analgesic exposure and standard physiologic co-
variates, or fail to replicate across prespecified windows/
cohorts, the mapping is rejected [22].

Correspondences between Yin-Yang descriptors and 
measurable anchors are aligned in (Figure 3). Abstract 
terms are mapped to NAEI nodes and a minimal indi-
cator set, with time-window-specific priority actions and 
reassessment points detailed in (Table 5).

Figure 3: Cross‑scale analogy for the hypothesis‑generation layer: Yin-Yang dynamics, brain networks, and can-
didate micro‑level/quantum hypotheses.
Uses Yin-Yang dynamics strictly as a heuristic, cross‑disciplinary language to relate brain‑network states (e.g., 
DMN, frontoparietal networks, thalamo‑cortical pathways) to candidate micro‑level/quantum hypotheses (e.g., mi-
crotubules, quantum oscillations, and energy/information channels).
The label ‘hypothesis‑generating’ denotes hypothesis generation only and does not imply mechanistic identity. 
Any clinically relevant claim must be tested through measurable higher‑level proxies and independent empirical 
studies.
Abbreviations: DMN: Default Mode Network; Yin-Yang, traditional Chinese medicine framework describing com-
plementary low- and high-arousal states (Yin: low arousal, recovery, repair; Yang: high arousal, complexity, me-
tabolism).

Table 5: Operationalizing Yin-Yang terms: perioperative time windows with a minimal measurement set and reas-
sessment windows (heuristic → falsifiable proxies; for clinical and study design use).

Time window Primary risks/goals 
(examples)

Minimal measurement set (ex-
amples)

Priority actions and reassess-
ment window (examples)

Preoperative  
baseline

Risk stratification; base-
line anxiety/sleep/inflam-
mation

Baseline HRV; sleep scales/histo-
ry; CRP/IL-6 (optional) [31,32]

Set individualized target ranges; 
preop sleep/anxiety intervention (as 
feasible) [40,43]

Induction Rapidly reach target state; 
avoid excessive depth

EEG (raw waveform + optional 
processed index such as BIS/en-
tropy); hemodynamics
[10,31]

Titrate based on EEG/circulatory 
responses; reassess every 1–3 min 
[31,32]
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Note: Terms such as “Yin/Yang,” “rising/falling,” “balance/imbalance” serve only as indexing labels for clinical narration Their va-
lidity must be tested against consistency between proxy trajectories and outcomes; they do not constitute causal claims.

Cellular/Molecular Anesthesiology, Per-
sonalization, and Neurotoxicity: Limits 
of the Evidence and a Research Agenda
Cellular/molecular mechanisms, personalization, 
and evidence limits

At the cellular and molecular level, “cellular and mo-
lecular anesthesiology” emphasizes interpreting anes-
thetic effects through ion channels, receptors, and sig-
naling pathways, and translating basic discoveries into 
clinical practice [13,53]. Precision medicine adds a prac-
tical requirement: incorporate genomics, interindividual 
variability in drug response, and ongoing professional 
education to address heterogeneous risk and variable 
benefit [54-56].

For anesthetic-related neurotoxicity, bioinformatics 
and animal models suggest candidate pathways for 
propofol, including mitochondrial dysfunction, oxidative 
stress, and apoptosis, but inference is constrained by 
model heterogeneity and limited clinical comparability 
[13,55]. Database and large-scale analytic commentar-
ies further note that clinical evidence is often limited by 
small samples, short follow-up, and residual confound-
ing, supporting the need for structured data platforms 
that enable reproducible real-world research and risk 
stratification [43,56].

Pediatric neurodevelopment and long-term evi-
dence gaps

Pediatric and developmental neurobiology remains 
a major evidence gap. Most data derive from animal 
work, mechanistic studies, and observational cohorts, 
and extrapolation to specific drugs, doses, exposure 
windows, and long-term outcomes is complicated by de-
velopmental stage and perioperative confounding; “any 
anesthesia” exposure definitions are rarely sufficient for 
causal attribution [55-61]. We therefore do not estimate 
a definitive effect size. Instead, we propose a pragmat-
ic, time-windowed agenda: prospective cohorts or em-

bedded randomization without added ethical burden; a 
minimal, age-appropriate anchor set across prespecified 
perioperative phases-EEG signatures of depth/vulner-
ability (including burst-suppression burden where rel-
evant), HRV/autonomic stress reactivity (e.g., rMSSD/
HF), feasible inflammatory/endocrine readouts (IL-6/
CRP, cortisol), and sleep continuity-paired with stan-
dardized neurodevelopmental outcomes at harmonized 
follow-up intervals [31,32,57,62,63]. Analyses should 
explicitly model surgical stress, analgesia quality, and 
sleep interventions as key covariates, and use designs 
that strengthen causal inference (e.g., negative controls/
sibling comparisons, preregistered sensitivity analyses) 
before attributing long-term outcomes to anesthetic 
drugs alone [56,62,63].

Monitoring and Closed-Loop Control: 
From EEG to Connectivity and NAEI 
Trajectories

Early EEG reviews summarized principles and clini-
cal applications of brain monitoring in the operating room 
and ICU and repeatedly caution that reliance on a single 
processed index without inspecting the raw waveform 
can misclassify brain state [57,62]. Subsequent work 
extends this point in two directions. First, anesthesia-re-
lated emergence and postoperative affective experience 
may involve midbrain-limbic (reward-related) circuitry, 
motivating broader state models beyond “depth” alone 
[58,60]. Second, connectivity-focused commentaries 
argue that functional connectivity and network topology 
can capture drug-induced network reconfiguration and 
improve alignment between neurophysiologic readouts 
and behavioral trajectories [59,63]. Conceptual models 
such as “cognitive unbinding” similarly propose that an-
esthesia disrupts effective connectivity across cognitive 
modules, offering a network-level account of uncon-
scious states [59,60]. Developmental connectivity find-
ings further suggest age-dependent vulnerability and 
maturation effects, supporting greater caution and longer 
follow-up in pediatric anesthesia [56,61].

Maintenance Maintain stability + ade-
quate analgesia + avoid 
burst suppression

EEG waveform (optional com-
plexity); analgesia indicators; 
HRV trend [10,11,31]

Optimize analgesia before deepen-
ing sedation; reassess every 10–15 
min [41,31]

Emergence Smooth emergence; 
reduce agitation/delirium 
risk

EEG transition patterns; HRV; 
pain scores/analgesic needs 
[10,31]

Reduce high stress: analgesia/
environment/neuromodulation; 
reassess in PACU [41,44]

PACU (0-2 h) Pain-delirium-nau-
sea-temperature manage-
ment

Pain; delirium screening; HRV; 
vital signs [41,31]

Outcome-triggered rescue actions; 
reassess every 30-60 min [41,31]

Postoperative 
night

Sleep continuity and con-
trol of inflammatory peak

Sleep continuity; HRV; analgesic 
and sedative doses [31,32]

Sleep-friendly environment + anal-
gesia optimization; reassess next 
day [40,41]

POD1 Early mobilization and 
recovery quality

QoR; activity level; pain; HRV 
[41,31]

Adjust analgesia/rehab according 
to trajectories; reassess on POD2 
[41,43]

POD2–3 Early detection of compli-
cations (infection/PND)

Temperature/inflammation (as 
needed); delirium screening; 
PROs [32,46]

Trigger further assessment/inter-
vention based on abnormal an-
chors [43,46]
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From a technology and evidence perspective, 
depth-of-anesthesia monitoring reviews highlight per-
sistent limitations in algorithm transparency, general-
izability, and outcome-level validation; interpretation 
should therefore integrate raw EEG and clinical context 
rather than depend on a single number [57,62]. Consis-
tent with this literature, we outline a device-agnostic con-
ceptual framework for EEG × HRV integration in closed-
loop systems [62,63]:

Time window structure
Collect data by perioperative phases (preoperative 

baseline, induction, maintenance, emergence, PACU, 
postoperative night, POD1-3) [57,63].

Minimal feature set
EEG (δ/α/β power, burst-suppression ratio; optional 

complexity/entropy); HRV (rMSSD, HF, LF, LF/HF using 
1-5 min rolling windows); inflammation/stress (IL-6/CRP, 
cortisol where feasible); and clinical anchors (pain, de-
lirium screening, QoR, sleep continuity, fatigue/activity) 
[57,62].

Decision logic
Treat hemodynamics, ventilation, and temperature 

as hard constraints; when constraints are met, run a 
soft-constraint loop of “state estimation → knob adjust-
ment → reassessment.” Examples include down-titrating 
sedative load when EEG suggests excessive depth or 
burst suppression, and prioritizing analgesia optimiza-
tion and nonpharmacologic tuners when HRV/inflamma-
tion indicates high stress load [62,63].

Explainable output
Prefer auditable rules or shallow interpretable models 

(threshold rules, decision trees, interpretable linear/GLM 
models) that generate traceable recommendations rath-
er than black-box dosing directives [62,63].

To make the “measurable readouts-controllable 
knobs” mapping explicit, we provide an interface table 
organized by N/A/E/I modules, linking key state variables 
to measurable anchors and actionable knobs (Table 6). 
Figure 4 integrates time-window triggers, priority knobs, 
and reassessment windows as a process overview 
aligned to (Table 6).

Table 6: Modular interface for closed-loop control: key state variables, measurable anchors, and controllable knobs 
by N/A/E/I (conceptual).

Module Key state variables (exam-
ples)

Measurable anchors (exam-
ples) Controllable knobs (examples)

N (brain network) Connectivity, integration, 
complexity, ignition/broadcast 
capacity [18,19,22,25]

EEG spectra/complexity 
[10,18,19]; TMS-EEG/PCI 
(optional) [16,63]; fMRI/EEG con-
nectivity (research) [20,21]

Depth/drug combinations [2,60]; 
analgesia-sedation balance [41,63]; 
temperature/CO2 [13,35]; sleep inter-
ventions (context-dependent) [1,22]

A (autonomic) Sympatho-vagal balance, reflex 
sensitivity, cardio-respiratory 
coupling [31,35]

HRV [31,45]; hemodynamic reac-
tivity [31,62]; respiratory variabili-
ty (as feasible) [45,62]

Analgesia quality/opioid minimization 
[41,37]; fluids/vasoactives [39,62]; 
taVNS/TEAS parameters [44,45,46]; 
respiratory management [45,62]

E (endocrine) HPA-axis load, stress-hormone 
rhythms [33,35]

Cortisol/catecholamines (option-
al) [33,35]; glycemic variability 
[33,43]

Pain and anxiety management 
[41,43]; anesthetic technique/drug 
selection [2,37]; circadian/light and 
sleep [1,40]

I (immune-inflam-
mation)

Inflammatory peak and decay 
speed; window of immunosup-
pression [32,34,35]

IL-6, CRP [32,34]; WBC differen-
tial (as feasible) [35,56]

Minimally invasive/ERAS [41,40]; 
opioid minimization [41,37]; neuro-
modulation [44,45,46]; optimization of 
analgesia and sleep [41,31]

Note: “Measurable anchors/controllable knobs” are conceptual examples used to define interfaces and an audit trail 
Implementation should be tailored to procedure context, risk stratification, and local workflows. 
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Figure 4: Concept‑level closed‑loop checklist across perioperative time windows: time window-trigger sig-
nals-knobs-re‑evaluation interval.
Across key windows (preop baseline, induction, maintenance, emergence, PACU 0-2 h, postoperative night, POD1, 
POD2-3), the figure summarizes goals/risk points, trigger signals, priority knobs, and re‑evaluation intervals. To-
gether, “measure → adjust → re‑evaluate” forms an auditable tuning loop, translating the readouts-knobs-out-
comes relationship into an executable time‑window checklist. Conceptual schematic.
Abbreviations: Pre-op: Preoperative; EEG: Electroencephalography; MAP: Mean Arterial Pressure; HR: Heart 
Rate; PACU: Post Anesthesia Care Unit; HRV: Heart Rate Variability; POD: Postoperative Day; QoR: Quality of 
Recovery; IL-6: Interleukin-6; CRP: C-Reactive Protein.

Figure 5: Overall framework of the three‑layer multi‑scale tuning model: clinical-operational layer × system-net-
work layer (NAEI) × hypothesis‑generation layer (Yin-Yang/quantum).
A concentric schematic integrates the three working definitions: the clinical-operational layer (controllable modu-
lation of consciousness, pain, motor output, and homeostatic endpoints), the system-network layer (measurable 
NAEI readouts and controllable knobs), and the hypothesis‑generation layer (strictly bounded, conditional discus-
sion). The timeline (induction → maintenance → emergence) highlights how the tuning emphasis and controllabil-
ity shift by phase. Conceptual integration figure.

The Three-Layer Multiscale Tuning Mod-
el and Working Definition

The structured relationship among the three lay-
ers-and the operational “knob-readout-outcome” loop-

is summarized in (Figure 5). Based on the evidence 
reviewed, we conceptualize anesthesia as a multi-
scale tuning process spanning clinical operations, sys-
tems-network physiology, and hypothesis generation:

Abbreviations: NAEI: Neural Autonomic Endocrine Immune Network; N: Neural; A: Autonomic; E: Endocrine; 
I: Immune; Yin-Yang, conceptual balance between low-arousal/restorative (Yin) and high-arousal/active (Yang) 
states; Induction, anesthetic induction phase; Maintenance, intraoperative maintenance phase; Emergence, re-
covery from anesthesia phase.

Clinical-operational layer
Using drugs and/or neuromodulation, anesthesia en-

ables multi-target state control of consciousness, pain, 
motor output, and autonomic responses, allowing in-
vasive procedures to proceed safely with manageable 
stress load [1-3,9,10,39-41].

Systems-network layer (NAEI)
Anesthesia and perioperative interventions shape 

large-scale brain connectivity, sympatho-vagal balance, 

hormonal dynamics, and immune-inflammatory profiles 
across time windows; these trajectories show testable 
associations with PND, infection, recovery patterns, and 
selected longer-term outcomes [6-8,16-21,31-38,43-46].

Hypothesis-generating layer (Yin-Yang/quantum)
Cross-disciplinary micro-level concepts are used 

only to generate falsifiable questions and do not replace 
mainstream receptor-synapse-circuit-network explana-
tions or support clinical recommendations [47-52].
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Working definition
Anesthesia is a multiscale tuning process induced by 

drugs and/or neuromodulation and reversibly terminated. 
Clinically, it is multi-target state control of consciousness, 
analgesia, motor output, and autonomic responses. Sys-
temically, it modulates the NAEI network across periop-
erative time windows to maintain or optimize homeosta-
sis and recovery-relevant outcomes. At the micro-level, 
controversial cross-disciplinary concepts serve only as 
heuristic language for testable questions anchored to 
measurable proxies [1-3,31,32,47-52].

Limitations and Future Directions
This work is a narrative synthesis and framework pa-

per; we did not follow a PRISMA workflow or perform 
quantitative pooling, so selection and publication bias 
remain possible. We mitigated these risks through ev-
idence-gradient labeling, explicit measurable anchors, 
and cross-disciplinary citation tracing [41,43]. Clinical 
evidence in heterogeneous domains (e.g., anesthe-
sia-cancer links, neurotoxicity) is constrained by com-
plex confounding; we therefore provide an organizing 
framework rather than causal claims [34,36-38]. Contro-
versial micro-level theories lack strong empirical support 
and are restricted to hypothesis generation, presented 
alongside alternative explanations and falsifiable testing 
paths [22,47-52].

Future work should prioritize outcome-anchored 
questions (PND, infection, recovery trajectories, can-
cer-related outcomes) and collect a minimal indicator set 
(EEG/HRV/inflammation/sleep/PRO) within feasible time 
windows, with multicenter external validation. This plat-
form can then support focused systematic reviews/me-
ta-analyses and prospective trials built around specific, 
auditable anchor questions [31,32,41,43,63].

Conclusion
As perioperative precision medicine converges with 

modern consciousness science, we propose reframing 
anesthesia from “drug-induced reversible unconscious-
ness” into an auditable multiscale tuning process. The 
clinical-operational layer specifies controllable knobs 
that deliver safety and comfort, while the systems-net-
work layer uses NAEI trajectories to explain variability 
in recovery. A minimal set of measurable anchors links 
state, intervention, and outcome into a re-evaluable loop 
across defined perioperative windows and across cen-
ters [1-3,31,32,41,43,63].

This framework does not claim new causal conclu-
sions. Instead, it provides a working language that can 
be supported-or rejected-by data: it constrains interpre-
tation with evidence gradients, expresses hypotheses 
in falsifiable proxy terms, and favors external validation 
over single-center extrapolation [31,32,41,43]. The high-
est-yield next step is to focus on key endpoints (PND, in-
fection, recovery trajectories, cancer-related outcomes), 
collect a minimal indicator set (EEG/HRV/inflammation/
sleep/PRO) within prespecified windows, and use em-
bedded trials plus multicenter validation to translate mul-
tiscale tuning from concept to a testable perioperative 

research and practice paradigm [31,32,36-38,41,43,63].
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