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President's Message

On the occasion of the publication of Volume 18 (2026) of Academic Perspectives, the journal of the USA Chinese
Scholars Association, I would like, on behalf of the Association, to extend my sincere greetings and heartfelt thanks to
all members, scholars, and friends from various sectors who have long supported our development.

As an important platform for academic exchange, Academic Perspectives is dedicated to showcasing members’
achievements, promoting intellectual dialogue, and encouraging interdisciplinary collaboration. This volume is published
in both print and digital formats, reflecting the openness and convenience of knowledge dissemination in the digital age.

This volume includes review articles, commentaries, and original research papers covering medicine and life
sciences, earth sciences, social sciences, humanities and linguistics, artificial intelligence, and urban governance. It
highlights interdisciplinary perspectives and combines academic exploration, theoretical reflection, and practical
relevance.

Looking ahead, the Association will continue to uphold its mission of serving members, promoting exchange,
supporting innovation, and giving back to society. We will further strengthen our platform, bring together outstanding
talent, and advance the development of the Chinese American academic community.

I sincerely wish Academic Perspectives continued success and all colleagues great achievement and fulfillment in

their academic careers.
Yongtian Li

President, USA Chinese Scholars Association
September 2026
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Sunlight-Induced Gasotransmitters along Body’s
Rich Microcirculation Pathways Involved in the
Development, Biomolecules, Functions, and
Biophysical Phenomena of the Meridian System

]}]I]]

LR / Sheng—Xing Ma

Lundquist Institute for Biomedical Innovation at Harbor-University of California at Los Angeles (UCLA) Medical
Center and Department of Obstetrics and Gynecology, David Geffen School of Medicine at UCLA and Harbor-
UCLA Medical Center, Torrance, CA 90502

ABSTRACT

The meridian system flows “meridian Chi,” and connects the surface of the body to the internal organs as the central
theory of traditional Chinese medicine (TCM) and guiding principle for therapies. Although the essential pathways of
the meridians have been described for thousands of years, the development, biomolecules, structure, and functions of the
meridian system are unclear. Anatomical studies have shown that most acupuncture points (acupoints) are located
intimately in the soft tissues with rich blood vessels, nerve trunks, and hair follicles between the muscle/tendon/bone.
Biophysical studies have demonstrated that acupoints possess characteristics of low impedance, and the sensations
propagated along acupuncture channel pathways (PSCP), and the tracers along linear pathways resembling meridians.
As described in an ancient classical medical book: “There is Yang energy in the human body like there is sun in the sky.”
The sun primarily radiates energy as visible light, ultraviolet, and infrared radiation. Exposure of human skin to sunlight-
induced thermal effects and ultraviolet radiation causes the release of nitric oxide (NO) and calcitonin gene-related
peptide (CGRP). Sunlight also increases endogenous hydrogen sulfide (H2S) and carbon monoxide (CO). Numerous
studies have demonstrated that these gasotransmitters play very important roles in physiological regulations and
pathological changes involved in various diseases. The endothelial surface glycocalyx (ESG) at the luminal side of the
microvessel wall plays a crucial role in mechanosensing, transduction, and initiating the production of NO and H»S for
regulating blood flow and vascular health. Near-infrared light and labors/exercises induce the generation of gas
transmitters is predominantly enhanced in the acupoints and/or meridian regions between muscles/tendons along somatic
pathways, which mediate chemical-electrical activity through the gracile nucleus-thalamic-cortex pathways for PSCP

generation. In this review, we summarize the current understanding of simulated sunlight (near-infrared light or heat) on
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the generation of gasotransmitters in ESG at the luminal side of the microvessel wall and their impact on chemical-
electrical activity of low skin resistance, PSCP, and the tracers along linear pathways resembling meridians. These studies
should advance our understanding of the roles of thermal stimuli and near-infrared light from sunlight and labors/
exercises-induced gasotransmitters over ESG at the luminal side of the microvessel wall in the development of the
meridian pathways, and yield new insights regarding the biophysical characteristics of gasotransmitters in the meridians,
which opens a light to explore the scientific basis including the biomolecules, structure, functions, and development of

the meridian system in TCM.

Keywards: Gasotransmitters; sunlight; endothelial surface glycocalyx; propagated sensation along the meridian;

tracers; axon reflex; nitric oxide; biophysical approaches; acupuncture points; meridian system

INTRODUCTION

The Meridian System (channels and collaterals, jingluo) is an essential pathway system that unifies all parts of the
body and deals with physiological regulation and pathological changes of the human body according to the description
of Traditional Chinese Medicine (TCM) [1,2]. Acupuncture points (acupoints) are located along the 12 main meridian
pathways, and acupoints/meridians have been used in many unconventional medical practices such as acupuncture,
electrical acupuncture (EA), transcutaneous electrical nerve stimulation (TENS), moxibustion (heating acupoints), Qi
Gong, meditation, and Kungfu [1-3]. There has been a widespread and increasing interest in scientific studies explore the
Meridian System and the use of acupuncture for the treatment of disorders over the world. However, the most logical
and direct approach to identify a specialized anatomic entity of acupoints and meridians is still lacking [2-5]. One of the
125 major exploration and discovery questions is: “Is there a scientific basis to the Meridian System in traditional Chinese
medicine?” as a frontier, global common need and foresight gathering released in 2021 by Shanghai Jiao Tong University
and "Science" magazine [5]. There have been several hypotheses about the structure of the meridians, i.e., autonomic
nerve, body fluid channel, electromagnetic field, and connective tissue interstitial [6-9]. Not all of these hypotheses are
mutually exclusive. The scientific basis of the biomolecules, structure, functions, and development of the meridian system

in the body is unclear.

Biochemical properties of sunlight-induced gas transmitters with rich distributions along skin
acupoints/meridians.

The meridian system's flow, “meridian qi,” evokes dynamic processes such as energy exchange, movement, and
connection from the surface of the body to the internal organs, as well as communication with the universe, environment,
and our body as a whole. Various diseases are associated with dysfunctions of the meridians, and acupuncture stimulates
acupoints on the body, releasing and easing the “meridian qi” for treating disorders[1-3]. "This is the great channel tunnel
of Chi" - Pulse Degree 17 of "Huangdi Neijing". It is believed that the Meridians are neither nerve networks nor blood
vessels, but channels through which Chi circulates [6-8]. Chi is an invisible and extremely fine substance that is constantly
moving in the universe, and it is the origin from heaven (the sun) [10]. As described in Chapter 3 of "Huangdi Neijing":
“There is Yang energy in the human body like there is sun in the sky. ...... and the bodily health of a man depends on the
clear and floating of Yang energy which guards against outside.” [11] The ancient descriptions clearly pointed out that
the meridian Chi, particularly the Yang energy in the human body, is from the sun in the sky. Interestingly, growing
observational and experimental evidence has shown that the sun is the most important energy source for life on Earth and
> 4
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mainly radiates energy in the form of visible light, ultraviolet, and infrared rays [13-14].

Various studies have demonstrated that long-wavelength light, especially near-infrared light, has good tissue
penetration depth [13-18]. When infrared rays irradiate the human body, it produces two major effects: thermal effect
and non-thermal effect [13]. Thermal effect is the effect caused by the body's molecules transferring energy through
collision or radiation under the action of electromagnetic waves. For every 1°C increase in body tissue temperature, tissue
metabolism increases by 10%, thereby promoting local blood circulation and increasing cell and enzyme activity [13-
14]. The thermal effect and ultraviolet exposure of human skin release nitric oxide (NO) and transient receptor potential
vanilloid (TRPV), which induces calcitonin gene-related peptide (CGRP) [15-18]. TRPV3 is a receptor mainly
responding to thermal stimuli of around 32 — 40 °C, and there is 40% homology in protein sequence between the TRPV1
receptor and TRPV3 receptor [19-21]. Sunlight [heat and near-infrared light (NIL)] increases endogenous
gasotransmitters, including NO, hydrogen sulfide (H.S), carbon monoxide (CO) , and carbon dioxide (CO2)
[13,14,22,23]. Gasotransmitters play very important roles in physiological regulation and pathological changes involved
in various diseases, which allow us to understand why dysfunctions of the meridians are associated with many

pathological changes [25-27].

Anatomical and morphological studies of acupoints/meridians along the soft tissues between the
muscle/tendon/bone with rich endothelial surface glycocalyx structure/pathways and

microcirculation are highly exposure to sunlight

Anatomical and morphological studies have identified that the most acupuncture points (acupoints) are located
intimately at the soft tissues (connective tissue) with rich blood vessels, nerve trunks, and hair follicles between the
muscle/tendon/bone in both humans and rats [9, 28-30]. The endothelial surface glycocalyx (ESG) at the luminal side of
the microvessel wall is now recognized as a multifunctional and dynamic structure that participates in many vascular
processes, including vascular permeability, mechanosensing, transduction, inflammation, thrombosis, and cytokine
signaling [31-34]. The ESG consists of NO synthases, proteoglycans (PGs), glycosaminoglycans (GAGs), and
glycoproteins, while GAGs and PGs are abundant structural components of the extracellular matrix, which have been
evaluated as important contributors to skin aging [35-38]. Thus, ESG plays a crucial role in sensing blood flow and
initiating the production of NO, while H»S plays a protective role for ESG. PGs are present in all basement membranes,
including skin and its appendages such as the epithelial compartment of hair follicles [31-34]. Consistent with the micro-
CT/histological studies reported that long-distance fibrous matrices from the thumb to the right atrium for interfacial
fluid transport [39], the fibrous connective tissue is composed of three basic components: fibers, including collagen
fibers and elastic fibers, and a gelatinous matrix, which includes PGs and GAGs, and is consistent with ESG.

It is described in TCM that the meridian systems flow “meridian qi” evoking dynamic processes such as energy
exchange, movement, and connection from the surface of the body to the internal organs, as well as communication with
the universe, environment, and our body as a whole [1-3]. The “meridian qi”, which differs from external qi such as air,
oxygen, hydrogen, clouds, and earth qi, is the essence of life remaining after a living being absorbs external "qi" such as
area, oxygen into the body and excretes waste gases generated as "internal qi" which possesses a self-regulating
mechanism for new metabolic processes, possessing both qi and energy, and circulates through the acupoints, meridians,
and collaterals within the body, forming a life field [40,41]. Numerous studies have demonstrated that gasotransmitters,
which include NO generated from L-arginine and oxygen, and H»S generated from hydrogen and cysteine/homocysteine,
play very important roles in physiological regulations and pathological changes involved in various diseases [25-27]. The
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ESG at the luminal side of the microvessel wall are predominantly located in the vertical distribution of the fascia
networkand soft tissues between the muscle/tendon/bone along somatic meridians [30-34], which play a crucial role in
mechanosensing, transduction, and initiating the production of gasotransmitters for regulating blood flow and vascular
health [35-38]. Consistently, these skin regions with rich blood vessels, nerve trunks, and hair follicles are highly exposed
to sunlight. Most acupoints and meridian lines are located intimately at the soft tissues between the muscle/tendon/bone
with ESG structure and rich microcirculation [28-30].

Several studies have demonstrated that NO and cGMP levels are higher over acupoints and meridian skin surfaces
[43-45] and in the subcutaneous tissue by dermal microdialysis [46]. The investigation of NO levels at higher levels over
the skin acupoints is confirmed by a different method from other studies [47], which consistently suggest that higher
levels of NO exist on the skin surface of acupoints involved in physiological distribution and therapeutic manipulation
of the skin microvasculature. Meridian channels/lines in humans and mammals have been developed through long-term
biological evolution under the influence of labor, exercise, heartbeats, respiratory movements, and the stimulation,
impact, and regulation from environmental temperatures, daily and monthly cycles, Earth's and celestial light, gravity,
and cosmic radiation, especially sunlight exposure. The twelve primary meridians are distributed between the muscles
and muscle tendons of the limbs, which are the areas with the greatest muscle contraction and tension deformation, and
which are frequently exposed to sunlight. Hair in these areas is relatively dense, as are blood vessels and nerve fibers,
which produce much more gasotransmitters in the regions. It appears that the interaction and distribution of sunlight-
induced gasotransmitters along the pathways of the human body’s fascia network and soft tissues with rich microvessel
walls and nerve adventitia contribute to the development of the meridian pathways with rich production of
gasotransmitters. The biochemical and functional of the gasotransmitters are like the described characteristics of the
"internal qi". Research studies of sunlight on induction of gasotransmitters and anatomical and morphological studies of
accuoints/meridians have advanced considerably; however, the most logical and direct approach to identify a specialized
anatomic entity of the meridian system and biomolecules of meridian Chi needs to be established in the future. A more
sophisticated approach would be required to address this issue. Despite these limitations, increasing numbers of the
publications would be consistent with sunlight-induced elevations of gasotransmitters over all skin regions at the soft
tissues between the muscle/tendon/bone with ESG structure and rich microcirculation, and demonstrate a consistent
response to high NO release at the most acupoints/meridians, which are located intimately at the connective tissues with
rich blood vessels, nerve trunks, and hair follicles between the muscle/tendon/bone. The results from both anatomical
and biochemical studies consistently suggest that gasotransmitter signaling molecules induced/generated by labor,
exercise, heartbeats, respiratory movements, and environmental temperatures, gravity, and cosmic radiation, especially
sunlight exposure, are located with a high level along acupoints/meridian at the soft tissues between the

muscle/tendon/bone with rich ESG structure and microcirculation.

Gas transmitters play important roles in biophysical approaches of meridian phenomenon

Over the last few decades, there has been increasing evidence from biophysical, physiological, and biochemical approaches
implicating some specificity for the acupoints in the body around the world. An abundance of studies from different international
groups have demonstrated that acupoints possess characteristics of low electrical resistance and high electrical conductance, and
the propagated sensation along channels (PSC) and tracers along linear pathways resembling meridians are the most commonly
observed and identified meridian phenomena [2-4,6]. Previous anatomical studies have demonstrated that acupoints/meridians
exist higher number of nerve fibers/trunks, blood vessels, hair follicles, and sweat glands [28-30]. We have shown that NOergic
signaling molecules and neuropeptides play important roles in mediating the skin conductance responses to electrical stimulation
> 6
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and contribute to low electrical resistance and high electrical conductance of acupoints/meridians [48]. 3H-NE synthesis/release
was enhanced in acupoints and facilitated by the presence of an exogenous NO donor and inhibited by an inhibitor of NO
synthesis [49]. A recent review summarized that NO concentrations are enhanced in skin acupoints/meridians, and L-arginine-
derived NO synthesis and noradrenergic transmission modify skin electric conductance, which contributes to low resistance
characteristics of acupoints and meridians (one of the meridian phenomena) [50].

Several studies demonstrated that low force/rate of several studies demonstrated that low force/rate of transcutaneous
electrical nerve stimulation (TENS), manual acupuncture (MA), electroacupuncture (EA), and electrical heat produce an
elevation of NO release in all skin areas, including non-acupoints and non-meridian skin regions but with higher levels at
acupoints [51-55]. Consistently, these stimuli, TENS, electrical heat, and EA have been used to elicit axonal reflexes, which are
characterized by local release of NO and CGRP mediated by activation of TRPV1 [56-58]. TENS, MA, EA, and electrical heat
produce an elevation of NO release in all skin areas, including non-acupoints and non-meridian skin regions but with higher
levels at acupoints. In addition, the stimuli-induced release of NOergic molecules (NO synthases, NO, and cGMP) with high
levels in the acupoints containing rich neuronal components and blood vessels mediated axon reflexes-evoked elevation of
cutaneous blood flow may spread over acupoints one after another along the median lines, differing from nerve pathways
following the stimuli to induce PSCP [59]. The same driver also elicits NO release in the gracile nucleus, which contributes to
the somatosensory signal transduction of PSCP perceptions through the dorsal medulla-thalamic pathways. The stimuli-evoked
biomolecular changes in the acupoints and gracile nucleus play important roles in transductions of the sensory signals induced
by PSCP through the acupoints-dorsal medulla-thalamic pathways [60-62]. The PSCP perceptions are similar to the “de qi”
sensation during acupuncture treatment. That is the reason why stronger “de qi”” sensation usually possesses better therapeutic
effects following MA, EA, electrical stimulation, and heat therapies. NO-mediated axon reflex over acupoints along the median
lines [56-58] and the sensory signals mediated by NO release in the gracile nucleus through the acupoints-dorsal medulla-
thalamic pathways may also participate in the processes of “de qi” sensation as well as produce therapeutic effects through central
regulation induced by the stimuli [59]. When acupoints rich in blood vessels and nerve fibers are stimulated, they release high
concentrations of NO-related molecules (NO synthase and cGMP), which mediate axon reflexes that increase skin blood flow.
This can spread from point to point along the meridian pathways (different from the stimulated nerve pathways), inducing
sensory propagation (numbness, pressure, heaviness, and/or warmth perception, PSCP). The same stimulus also causes NO
release in the thalamic nuclei, helping convey somatosensory signals for PSCP perception through the dorsal column-thalamic
pathway [59-62].

Moreover, an abundance of studies from different international groups have demonstrated that tracers along linear pathways
resembling meridians over the body surface of humans [63-66]. All experiments of the studies have been conducted by injecting
a radiotracer solution or tracer dyes in a volume of solution into acupoints [63-66]. Solutions injected into acupoints produce
much stronger mechanical stimuli than acupuncture, which causes an axon reflex [67]. Anatomical studies have demonstrated
that acupoints/meridians have a higher number of small nerve fibers and blood vessels with rich NO, CGRP, and neuropeptides
in the cutaneous tissues as structures for the biomolecule-mediated axon reflexes. Recent advances have determined that NO,
CGRP, and neuropeptides play crucial roles in the comprehension of the axon reflex [56-58]. The stimuli-evoked axon reflex
and NOergic biomolecules/neuropeptides increase local blood flow with higher levels in acupoints/meridians, which move
radioactive substances or tracer dyes in the skin and subcutaneous tissue along a linear path resembling acupoints and meridians,
an important phenomenon of meridians induced by the stimuli [63-66]. The evidence and understanding of the biomolecular
processes of the tracers along linear pathways resembling meridians have been summarized in a review paper with an emphasis
on recent developments of NO, CGRP, and neuropeptides mediating stimuli-evoked axon reflexes to increase local blood flow
with higher levels in acupoints/meridians, which move radioactive substances or tracer dyes in the skin and subcutaneous tissue

contributing to tracers along linear pathways resembling meridians [67].
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NO signaling molecules and neuropeptides (CGRP, SP, and NPY)) are involved in the stimuli-evoked axon reflexes, and the
same driver-elicited biomolecules-mediated axon reflex may also participate in the somatosensory signal transduction and
processes of low electrical resistance of acupoints/meridians and PSC/LPSC. The stimuli-evoked NOergic biomolecules-
mediated axon reflex increases local blood flow, which moves radioactive substances or tracer dyes in the skin and subcutaneous
tissue along a linear path resembling acupoints and meridians, another important phenomenon of meridians induced by the
stimuli. In this paper, the evidence and understanding of the biophysical approaches of acupoints/meridians have been discussed
and summarized with an emphasis on recent development of stimuli-evoked release of NOergic biomolecules and neuropeptides
through the axon reflex and mediating meridian (Jingluo) phenomenon. Although more sophisticated approaches are required to
address other gasotransmitters, particularly H»S, CO, and CO; contributing to biochemical-physiological interactions in these
processes in this fields, the results from animal and human studies consistently suggest that the stimuli-evoked NOergic
biomolecules mediated axon reflex increase local blood flow, which are involved in the processes of low electrical resistance of
acupoints/meridians and PSC/LPSC as well as moving radioactive substances or tracer dyes in the skin and subcutaneous tissue

under a linear path resembling acupoints and meridians, the all current phenomena of meridians induced by the stimuli.

CONCLUSION

The meridian system flows “meridian Chi,” and connects the surface of the body to the internal organs as the central theory
of TCM and guiding principle for therapies. Although the essential meridian pathways have been described for thousands of
years, the meridian development, biomolecules, structure, and functions of the system are unclear. There are various studies from
biophysical approaches dealing with the phenomena of meridians and have demonstrated that acupoints/meridians possess
characteristics of low electrical resistance, the PSCP, and the tracers along linear pathways resembling meridian pathways during
the last few decades. Previous anatomical studies have demonstrated that acupoints/meridians exist higher number of nerve
fibers/trunks, blood vessels, hair follicles, and sweat glands. Recent studies have demonstrated that NO and cGMP levels are
higher over acupoints and meridian skin surfaces and in the subcutaneous tissue. L-arginine-derived NO synthesis modifies skin
NE synthesis /release in acupoints/meridians, and NO-NE activations play an important role in mediating the skin conductance
responses to electrical stimulation. Acupoints have higher levels of nervous components, and NOergic signaling molecules (NO-
NE, and NO-gap junction/TRPV1) and neuropeptides are also involved in the skin's low resistance at acupoints.

The PSCP and the latent PSCP (LPSCP) over the body surface, which are consistent with the courses of the classical meridians,
have been internationally elicited by TENS, EA, or electrical heat stimulation of acupoints in many human subjects. Animal
studies showed that NO levels are elevated by EA in the acupoints/meridians in rats, associated with an enhanced expression of
NO synthase endowed with TRPV 1. Dermal microdialysis in humans reported that NO-cGMP releases are increased by EA in
the subcutaneous tissue of acupoints. Several studies demonstrated that TENS, MA, and electrical heat produce an elevation of
NO release predominantly over acupoints. Consistently, these stimuli, TENS, electrical heat, and EA, have been used to elicit
axonal reflexes, which are characterized by local release of NO and CGRP mediated by activation of TRPV 1. Interestingly, the
same stimuli-, heat, mechanical, and electrical stimuli-evoked axon reflexes, and electrical heat, TENS, and EA-evoked
PSCP/LPSCP, induce NO signaling molecules that are involved in the biochemical-physiological processes of axon reflexes and
PSCP/LPSCP. These lead us to suggest that similar driver-induced NO-mediated axon reflexes participate in the somatosensory
signal transduction of PSCP/LPSCP, the important phenomena of meridians induced by the stimuli. Similarly, all experiments
of the tracers along linear pathways resembling meridians have been conducted by injection of a radiotracer solution or tracer
dyes in a volume of solution into acupoints. Solutions injected intoacupoints produce much stronger mechanical stimuli, which

cause axon reflex, and NOergic biomolecules/neuropeptides increase local blood flow with higher levels in acupoints/meridians,
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thus moving radioactive substances or tracer dyes in the skin and subcutaneous tissue along a linear path resembling acupoints
and meridians, the important phenomena of meridians induced by the stimuli.

The sun mainly radiates energy in the form of visible light, ultraviolet, and infrared rays, and exposure to sunlight contributes
to thermal and ultraviolet effects on human skin, inducing the release of NO, H»S, and CGRP. It is described in TCM that the
meridian systems flow “meridian qi” evoking dynamic processes such as energy exchange, movement, and connection from the
surface of the body to the internal organs, as well as communication with the universe, environment, and our body as a whole.
The “meridian qi”, which differs from external qi such as air, oxygen, hydrogen, clouds, and earth qj, is the essence of life
remaining after a living being absorbs external "qi" into the body and excretes waste gases generated as "internal qi" which
possesses a self-regulating mechanism for new metabolic processes, possessing both qi and energy, and circulates through the
acupoints, meridians, and collaterals within the body, forming a life field. Although more sophisticated approaches are requested
to address gasotransmitter-physiological interactions in the processes in this field, the results from animal and human studies
consistently suggest that NO, one of the gasotransmitters, is involved in the stimuli-evoked axon reflexes, and the same driver-
elicited NO-mediated axon reflex may also participate in the processes of PSC/LPSC and tracers along linear pathways
resembling meridians, the important phenomena of meridians are induced by the same stimuli. The evidence supports the
hypotheses that sunlight (heat and NIL) contributes to enhanced gasotransmitters (NO, CO, H-S) and CGRP levels through the
pathways of acupoint/meridians with rich ESG at the luminal side of the microvessel wall; and meridian practices, NIL or heat
or stimulation induce gasotransmitters, which mediate chemical-electrical activity for the biophysical characteristics of
acupoints/meridians. Together, the stimuli-induced NO signaling molecules and axon reflexes participate in the biochemical-
physiological processes of all meridian phenomena, low electrical resistance of acupoints/meridians, the PSC/LPSC, and tracers
along linear pathways resembling meridians, leading to the suggestion that NO signaling molecules are important meridian
biomolecules and contribute to structure, functions, and development pathways of the meridian system. Anatomical studies have
demonstrated that acupoints/meridians exist higher number of nerve fibers/trunks, blood vessels, hair follicles, and sweat glands.
The higher number of small nerve fibers, blood vessels with rich ESG at the luminal side of the microvessel wall containing rich
endothelia synthases for NO, CO, H2S, TRPV 1, and neuropeptides, and sweat glands in the cutaneous tissues serve as structures
for gasotransmitters and neuropeptide-mediated axon reflexes, resulting in low electrical resistance, PSC, and tracers along linear
pathways resembling meridians. The evidence supports the hypotheses for future studies to systematically investigate the
distribution of gasotransmitters along the pathways of the human body’s fascia network and soft tissues with rich microvessel

wall and nerve adventitia, known as the meridian system in TCM.
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ABSTRACT

Extending along the dynamic continuum from conflict to cooperation, microbial infections always involve symbiosis
(Sym) and pathogenesis (Pat). There exists a dynamic Sym-Pat duality (DSPD) in microbial infection that is the most
fundamental problem in infectomics. DSPD is encoded by the genomes of both the microbes and their hosts. Three focal
point (FP) theory-based game models (pure cooperative, dilemma and pure conflict) are proposed for resolving those
problems. Our health is associated with the dynamic interactions of three microbial communities [nonpathogenic
microbiota (NP) (Cooperation), conditional pathogens (CP) (Dilemma), and unconditional pathogens (UP) (Conflict)]
with the hosts at different health statuses. Sym and Pat can be quantitated by measuring symbiotic index (SI), which is
quantitative fitness for the symbiotic partnership, and pathogenic index (PI), which is quantitative damage to the
symbiotic partnership, respectively. Symbiotic point (SP), which bears analogy to FP, is a function of SI and PI. SP-
converting and specific pathogen-targeting strategies can be used for the rational control of microbial infections. (This
paper was published in J Biomed Biotechnol. 2008 Mar 2; 2008:856314; PMID: 18350122).

INTRODUCTION

Infectious diseases caused by bacterial, viral, fungal or parasitic pathogens continue to be the leading cause of
morbidity and mortality worldwide despite the availability of effective anti-microbial agents and vaccines over the last
fifty years [1]. The continual emergence of previously undescribed new pathogens, reemergence of old pathogens, and
the rising crisis of antibiotics resistance will certainly heighten the global impact of microbial infections in the 21st
century. These problems are mainly due to inadequate knowledge of the dynamic duality relationships between symbiosis
(Sym) and pathogenesis (Pat) in microbial infections [2]. The term symbiosis, which may have many variations on its
definition, in this paper refers to living together through a close and prolonged association between two or more
organisms of different species [3, 4]. Duality is defined as different ways of looking at the same thing [5]. There are two
major limitations inherent in the conventional theories of microbial infection. On the one hand, in the past century biology
and medicine including infectious diseases have been dominated by the reductionistic approaches. Focusing research on
individual virulence genes and the important pathogens has been the traditional approach to human infectious diseases.
On the other hand, as Joshua Lederberg pointed out [6, 7], medical science is imbued with the Manichaean view of the
microbe—human host relationship: “we good; they evil.” Almost all broad-spectrumantimicrobial agents, which are in
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the best interest of pharmaceutical industries, kill both the good microbes as well as the bad germs. Even though narrow-
spectrum antiinfective agents are not “narrow” for pathogens, they also target both the good and bad microorganisms
with a limited range of species.

Animals and plants are continually infected by an extensive diversity of symbiotic or invading organisms including
bacteria, virus, fungus or parasites. Infection of bacteria by phages started long before the emergence of animals and
plants [8]. Microbial infection is an evolutionary paradigm which is associated with co-evolution between hosts and
microbes [6, 7, 9]. This co-evolution can be defined as the process of reciprocal and dynamic genetic changes in two or
more species [2]. The conventional wisdom in medicine holds that microbial infection is a pathogenic process in which
a pathogen enters, establishes itself and multiplies in the host [10]. The emphasis is on the antagonism or conflict, not
the mutualism. This represents “zero-sum thinking” — the belief that if one player gains, other player must inevitably
lose. Methods and concepts of the zero-sum game theory have proved successful in studying the strategy of pure conflict.
The most challenging issue in infectious diseases is how to dissect the dynamic Sym-Pat duality in microbial infections
using infectomics and mathematics such as focal point-based game theory. Game theory, defined in the broadest sense,
is the study of the strategies of conflict, cooperation and mixed situations in which both coexist. Generally there are
multiple equilibria in a game. Thomas Schelling’s concept of focal point, which is an equilibrium usually standing out
from the others, addressed the crucial question of how to interpret the multiplicity of equilibria [11, 12]. This article
attempts to enlarge the scope and application of focal point game theory in microbial infections, extending from the zero-

sum games to the nonzero-sum games.

DEFINITIONS AND METHODS

Three Community Principle of Microbial Infections
Our health is associated with the dynamic interactions of three microbial communities [2] [nonpathogenic microbiota

(NP), conditional pathogens (CP), and unconditional pathogens (UP)] with the hosts at three different health statuses
[nonsusceptibility (NS), conditional susceptibility (CS), and unconditional susceptibility (US)] (Fig.1). NP is the major
microbial community which forms a healthy symbiotic ‘superorganism’ with the hosts. The ecology and evolution of
NP-NS interaction is essential and fundamental for health. From birth to death, we share a benign coexistence with a
vast, complex, and dynamic consortium of microbes. Most of our microbial commensals reside in our gastrointestinal
(GI) track packed with up to 100 trillion (1014) microbes [1, 13]. The GI tract harbors a rich microbiota of >600 different
bacterial species. Some of these microorganisms have important health functions. These include stimulating the immune
system, protecting the host from invading bacteria and viruses, and aiding digestion. The gut microbiota, which is
essential for human homeostasis, is established rapidly after birth and remains relatively stable throughout the life [1].
The GI mucosa provides a protective interface between the internal environment and the constant external challenge from
food-derived antigens and microbes. CP and UP are minor microbial communities that mainly contribute to the
pathogenesis of microbial diseases. The distinction between the commensal and the pathogen in the CP community can
be blurred because they may cause diseases under certain sub-health conditions of the hosts, or in immunocompromised
hosts. For example, pneumococcus, meningococcus and Haemophilus bacteria regularly exist as part of the normal
microbiota of the host respiratory track and are mostly carried asymptomatically despite the fact that they can cause well-
defined diseases [14, 15]. Microbes in the CP community dynamically evolve in two opposite directions, which are

toward either the NP (more cooperative or mutualistic) or UP (more pathogenic) microbial community. Microbes with
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high pathogenicity belong to the UP microbial community. The three microbial communities and three statuses of the

hosts are subjected to dynamic reciprocal changes driven by transfer of genetic materials.
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Figure.l1 Schematic representation of interactions of three microbial communities [non-pathogenic (NP), conditional
pathogenic (CP) and unconditional pathogenic (UP)] with with the hosts at three different health statuses [non-susceptibility
(NS), conditional susceptibility (CS), and unconditional susceptibility (US)].

Dynamic Duality Relationships between Sym and Pat in Microbial Infections

Extending along the dynamic continuum from conflict to cooperation, microbial infections always involve symbiosis
and pathogenesis, which are two fundamental components of the host-microbe interactions (Fig.2). There exists a
dynamic Sym-Pat duality (DSPD) in microbial infection, which is the most fundamental issue of infectomics [2]. DSPD
is reflected in the genotypic and phenotypic infectomes, which are encoded by the genomes of both the microbes and
their hosts [2]. The opposition and unity of Sym and Pat are indispensable, and the academic viewpoint that the unity of
opposites of Sym and Pat gives impetus to the development of microbial infection is considered as the core idea and
radical principle of the duality representations of microbial infections. In certain circumstances and at a certain stage of
the development of microbial infection, each of the two aspects of Sym and Pat will transform from antagonism into
mutualism or from mutualism into antagonism. Sym and Pat can be quantitated by measuring symbiotic index (SI), which
is quantitative fitness for the symbiotic partnership, and pathogenic index (PI), which is quantitative damage to the
symbiotic partnership, respectively. The most crucial studies are to identify infectomic signatures specific for SI and PI.
The set of symbiotic or pathogenic parameters is defined as a function SI(x) or PI(x*). SI(x) and PI(x*) are continuous
functions ranging from 0 to 1 to admit different degrees of Sym and Pat, respectively. SI(x)=0 and PI(x*)=0 indicate that
x and x* are perceived to be zero-symbiotic and zero-pathogenic, respectively. SI(x)=1 and PI(x*) =1 indicate that x and
x* are perceived to be completely symbiotic and completely pathogenic, respectively. Intermediate values of SI(x) and
PI(x*) indicate that x and x* are perceived to be partially symbiotic and partially pathogenic, respectively. Symbiotic
points are used to determine the dynamic duality between Sym and Pat. SI and PI are interdependent parameters. The

symbiotic point (SP) is a function of SI and PI.

SP=f (SI, PI)
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The focus of the dynamic duality research is to examine the ability of SP to transform situations of potential conflict
(UP-US & CP-CS) into situations of cooperation (NP-NS). SP bears analogy to Schelling’s focal point, which is any
feature of such a game that provides a focus of convergence [16]. In the games with multiple Nash equilibria, one
equilibrium usually stands out from the others (salient). Such an equilibrium is a focalpoint which can be easily
recognized by all the players [12]. Thomas Schelling’s Strategy of Conflict (1960) has been recognized as one of the
most important works of game theory [11, 17]. There is no doubt that focal points play a central role in Schelling’s game
theory. Schelling has made a significant contribution to a reorientation of game theory. Understanding focal points is not

only a key to improving game theory but also a key to dissecting SPs.

SP=f{5l, Pl .
Maximum - - Minimum
(o e
Mondero Sum 2o 5um

Immuncinfectomics &
Chemical Infeciomi

Figure 2. A continuum model of host-microbe interactions coupling with infectomic approaches to dissect the problems in

microbial infections.

Game Theoretical Models (GTMs) of Microbial Infections

In this paper, three types of GTMs are proposed for studies on NP-NS interactions (cooperative game), UP-US interactions
(noncooperative games), and CP-CS interactions (dilemma or bargaining game). First, the NS-NS interactions are dissected
with pure cooperative games in which each player chooses the strategy corresponding with the focal point in the expectation that
the others will do the same. The significance of focal points can be shown most clearly in the pure cooperative games. As there
is no conflict of interests in these games, all the players merely want to cooperate and they do not choose the alternative ways.
Analysis of the cooperative game issues is to focus on coalition formation and distribution of the gains through cooperation. The
SP in the NP-NS games tends to be maximal (Fig.2). Secondly, noncooperative GTMs are used for analysis of the UP-US
interactions. In contrast to cooperative games which focus on collective rationality and common interest, noncooperative games
emphasize individual rationality and individual optimal strategy. The SP in the UP-US games tends to be minimal (Fig.2). In
games of pure conflict, defection is the equilibrium strategy and the total benefit to all players in the game, for every combination
of strategies, always adds to zero (zero-sum). In the antagonistic UP-US interaction model, the surviving strategies of the UP
community conflict with that of the US host. The UP evolves to exploit the host as much as possible, and the host adapts to
exclude or limit the damage caused by the UP. Thirdly, we consider the strategic use of focal point theory in mixed situations to
analyze the CP-CS interactions in which there is both conflict and mutual dependence. The most well-known example is the
Prisoner’s Dilemma game (a two player game) in which each player chooses between a cooperating and defecting strategy. In

this game, each player receives a higher playoff by defecting than by cooperating. However, a higher playoff is received if both
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cooperate than both defect. The two player game can be extended to the N-player Prisoner’s Dilemma game with arbitrary

numbers of players.

RESULTS

Three communities in Escherichia coli species

E. coli is one of the best understood and most thoroughly studied organisms and is advantageous as a model microorganism
for the current studies. This bacterium is genotypically and phenotypically a highly diverse species, which is present in the three
microbial communities (Table 1). Most E. coli strains are commensals of higher vertebrates belonging to NP, but some are
pathogenic (CP and UP). Uropathogenic E. coli (UPEC) in the CP group are the most common cause of community-acquired
urinary tract infection (UTI). UPEC are responsible for about 80% of the estimated 150 million UTIs diagnosed annually [18].
E. coli O157, which belong to the UP group, is a major food pathogen. Shigella species, the cause of dysentery, are now known
to be multiple distinct lineages of E. coli. Genomes of those E. coli strains have been sequenced (Table 1). Recently, ‘better’ E.
coli strains (MDS41, 42, 43) have been engineered in which about 15% of the genome has been removed with the use of synthetic
biology [19]. Coliphage, a virus which infects E. coli, is a major contributor responsible for diversification of E. coli [20, 21].

From a population-dynamic view, the interactions between coliphage and E. coli are analogous to those of a predator and a prey.

Table 1. E. coli in the three microbial communities

E. coli strains characteristics Genome Putative
(Mb) SI PI
MG1655 (K12) (Commensal 4.6 >0.75 0.25
NP [Nissle 1917 Probiotics 5.1 >0.75 0.25
A0 34/86 Probiotics ? >0.75 0.25
MDS41, 42,43 K12 strains 3.9 >0.75 0.25
CP [RS218 Low pathogenicity | 5.1 0.5+0.25 10.5+0.25
CFTO073 Uropathogenicity | 5.2 0.5+0.25 0.5+0.25
0157 RIMD High pathogenicity | 5.5 5.5/ <0.25 | >0.75
UP 0157 EDL High pathogenicity | 4.4 <0.25 | >0.75
Shigella Sd197 High pathogenicity <025 |>0.75

Sym-Pat duality is encoded by the genomes of both microbes and their hosts

The development of microbial infections depends on the dynamic Sym-Pat duality, which is governed by the genomes of
both the microbes and their hosts [2]. There are three types of genetic/genomic determinants (GGDs) that may contribute to the
Sym-Pat duality of microbial infections (Fig.3). The first type is the Sym GGD pool, which contributes to symbiosis. The Sym
GGDs from the microbial partner include symbiosis-related genomic islands (SYT), plasmids, transposons, and microbiome,
which is a collective genome of microbiota [2, 22, 23]. The gene pool contributing to immune tolerance belongs to the host Sym
GGDs [24]. The symbiotic homeostasis of the superorganism formed by the microbiota and its host is governed by hologenome,
a complex of the host genome and microbiome [22, 25]. The second pool of GGDs contributes to the pathogenesis of microbial
infections. These include pathogenicity islands (PAI), virulence plasmids, pathogen-associated molecular patterns (PAMPs) and
endogenous alarmins [26]. PAMPs are a diverse group of microbial molecules, which are recognized by the host innate and
adaptive immune system, primarily through toll-like receptors (TLRs) [26]. Alarmins are endogenous molecules within the host
that signal tissue and cell damage. Effector cells of the innate and adaptive immunity can release alarmins when they are activated

by PAMPs. Endogenous alarmins and exogenous PAMPs elicit similar responses by conveying a similar message. Therefore,
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they constitute a larger family of damage-associated molecular patterns (DAMPs). The third type of GGD pool has dual functions
that depend on external and internal environments. These include ecological islands (ECI), certain GGDs from
conditionalpathogens [such as CP factors (CPFs) and CP islands (CPIs)], and the host GGDs with dual effects on microbial
infections. A comparative infectmic study suggests that GimA, a 20-kb genomic island, is a typical CPI[27]. The dual biological
functions of GimA depend on the genomic environments in E. coli strains. GimA present in meningitic E. coli K1 genome
(O18:K1:H7) is essential for bacterial crossing the blood-brain barrier to cause meningitis [28]. In contrast, GimA is required
for the probiotic function of E. coli K24 strain A0 34/86 (083:K24:H31), which has been safely and effectively used in Czech
pediatric clinics since 1967 [29]. The dual Sym-Pat properties of microbial determinants were also observed in photorhabdus,
which is a genus of Gram-negative bacteria mutualistically associated with entomophagous nematodes of the family
heterorhabditiae [30]. A hexA homologous gene from photorhabdus is able to regulate both symbiosis and pathogenesis [30].
Some microbes exhibit dual behavior as symbionts and pathogens in a manner dependent on the hosts. Sooty mangabey (SM)
monkeys infected with simian immunodeficiency virus (SIV) do not develop acquired immunodeficiency syndrome (AIDS)
[31]. In contrast, SIV infection of non-natural host monkeys, such as rhesus macaques (RM), causes AIDS that closely resembles
the human disease [31]. Similarly, polydnaviridae, a family of double-stranded DNA viruses, have evolved complex life cycles

in which they interact as symbionts with one host and pathogens with another [32].

Sym GGD Pool

SYI, microbiome
hologenome
immune tolerance

Pat GGD Pool

PAI, virulence
plasmids, PAMPs
Alarmins

— e

SAl, ECI, CPIl, CPF, immune system

Figure 3. Gene pools contributing to the Sym-Pat duality. CPF, CP factors; CPI, CP islands; ECI, ecological islands; HPI, high
pathogenicity islands; PAI, pathogenicity islands; SYI, symbiosis island.

Duality relationship between Sym and Pat

Sym and Pat, the fundamental components of microbial infection, can be defined as a function SI(x) or PI(x*). SI(x) and
PI(x*) are continuous functions ranging from 0 to 1 to admit different degrees of Sym and Pat, respectively (Fig.4). SI(x) =0
and PI(x*) = 0 indicate that x and x* are perceived to be zero-symbiotic and zero-pathogenic, respectively. SI(x)=1 and PI(x*)
=1 indicate that x and x* are perceived to be completely symbiotic and completely pathogenic, respectively. If SI is close to or
equal to 1, microbial infection is a physiological process. It is now well accepted that mitochondria were derived from an
endosymbiotic relationship with internalized proteobacteria, via a progressive transfer of genetic material [33]. This long
symbiotic relationship reaches the maximum Sym value. The symbiotic nitrogen fixation process for converting atmospheric
dinitrogen (N2) to ammonia (NH3) is essentially dependent on two partners, the host legume plant and bacteria belonging to the
family Rhizobiaceae. [34]. This type of microbial infection is more typically associated with a physiological process.

If the PI value approaches or reaches the maximum limit, microbial infection is more completely associated with a
pathogenic process. Most of serious infectious diseases fall into this category. Intermediate values of SI(x) and PI(x*) indicate
that x and x* are perceived to be partially symbiotic and partially pathogenic, respectively. Microbial infections induced by

conditional pathogens represent a competitive relationship (II or III in Fig.4). The hosts have large influences on SI and PI. For
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example, polydnaviruses have evolved complex life cycles in which they are able to adapt to a mutualistic partnership with one

host and become pathogens with another. Their genomes reflect the dual roles as mutualists and pathogens [32].

a (Sym) B (Pat)

-

0.5 1

Figure 4. The duality relationship between Sym (ai) and Pat (Bi). A cooperative relationship (NP-NS: health and mutualism) (I) occurs
between the host and the NP microbial community. A competitive relationship (CP-CS) (II and III) exists between the host and the CP
microbial community. There are two types of competitions, better (II) and worse (IIT). An antagonistic relationship (UP-US) (IV)

between the host and the UP microbial community.

Outcomes of three types of games in microbial infections

The outcome of a game is not only determined by one individual’s choices, but also depends on the strategies used by all
the others. The dynamic Sym-Pat duality influenced by both microbes and their hosts is the key factor that determines the
outcome of a game associated with microbial infection. One of the most fundamental issues in game theoretical solution concepts
is that strategies used by individual players are based on the differences in payoff perceived by them [35]. This issue can be
solved by Schelling’s focal point (FP) theory. FPs constitute shared expectations that coordinate the activities of diverse players
collectively or independently seeking their goals [36]. By harmonizing anticipated behaviors or responses despite the presence
of imperfect information, individuals are able to coordinate their activities towards their ends. In 1960 Schelling classified games
into three major categories: pure cooperative game on one side, pure conflict games on the other and combinations of partial
cooperation/partial conflict games in between [11]. Recently, a similar classification was designated in Gao’s book, “Principles
of Systemics™ [37]. The pure cooperative game models are used for dissecting NP-NS interaction problems. The payoff matrix
for a pure NP-NS problem would resemble something like that in Fig.5a. In contrast, the pure UP-US interaction, a situation of
pure antagonism, is characterized by completely opposing interests, where the pathogenesis of microbial infection is the most
predominant event. The payoff matrix for the pure UP-US game would look something like that in Fig.5b. The state of depiction
comes from the Manichaean view of the microbe—human host relationship. This situation is depicted in Fig.5b as a two-player
game. In the pure conflict game, the relationships between the microbes and their hosts end up in a “war of all against all” in
which the payoffs of the outcomes add to zero (zero-sum). The three microbial community principle and the dynamic Sym-Pat
duality concept would help establish a holistic view of microbial infections. The CP-CS interaction is a situation where
cooperation and conflict coexist. As illustrated in Fig.5¢c, thepayoffs for the CP-CS games would lie midway between the pure

cooperative and pure conflict games. The CP-CS problems are microbial dilemmas, in which there is a mixture of mutual
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dependence and conflict, of partnerships and competition. The underlying idea arises naturally from the well-known games for
the social dilemmas and the Prisoner’s Dilemma (PD), in which each player chooses between a cooperating and a defecting
strategy [38]. As shown in Fig.5c, each player receives a higher playoft by defecting than by cooperating, no matter what the
other player chooses. However, they receive a higher playoft if both cooperate than both defect. The CP-CS interactions can co-

evolve toward two different directions, increasing (more cooperation) or decreasing (more antagonism) the SP (Fig.2).

Host Host
1.1 | 00 00 | 00 H H C D
2 E
- 0,0 | 1,1 0,0 | 00 M 2,2 | -1,1 —g C 3,3 | 1,4
2 2
S 0,0 | 0,0 1,1 | 00 M -1,1 | 3,3 = D 4,1 (2,2
0,0 | 00 0,0 1,1 Pure Conflict Game Dilemma Game

(a) (b) (c)
Figure 5. (a) Pure cooperative game. (b) Pure conflict game. H: host; M: microbes. (c) Dilemma game. The number in the left of each

pair indicates the payoff for Microbes; the right, Host. Higher numbers represent greater payoff for the individual. Two strategies
[Cooperation (C) and Defection (D) ] are used.

DISCUSSION

In this paper, focal point theory-based game models are proposed for analysis of the dynamic Sym-Pat duality (DSPD) in
microbial infections. DSPD is the most fundamental problem in infectomics, which is the integration of omics and
mathematical/computational approaches. There are three types of infectomic approaches that can be used for the control of
microbial infections: ecological infectoimcs, immunoinfectomics and chemoinfectomics [2]. Ecological infectomics will explore
symbiotic solutions to microbial infections. Developing novel immunological intervention strategies for the prevention and
treatment of microbial infections using infectomic signatures and immunomic approaches falls within the field of
immunoinfectomics. Chemoinfectomics represents the most powerful approach to the development of a new generation of drugs

for antimicrobial chemotherapy.

Symbiosis Point Converting (SPC): Ecological infectomics-based approaches for rational control of microbial infections.

As microbial infection is an ecological and evolutionary paradigm which is associated with co-evolution between hosts and
microbes (such as human host and microorganisms, phages and bacteria) in dynamic ecosystems, two ecological infectomics-
based SPC approaches (increasing and decreasing SP) can be used for rational control of infectious diseases [2]. The focus in SP
increasing approaches is how to transform situations of potential conflict (pathogenesis) into cooperation (symbiosis) by
dissecting the dynamic duality relationships between Sym and Pat in microbial infections and developing symbiotic agents
(symbiotics) that favor a healthy symbiosis [2]. Symbiotics are defined as products that are beneficial to symbiotic ecology of
the super-organisms consisting of microbes and their human hosts. These include microbial (e.g., probiotic bacteria) and
nonmicrobial agents (e.g., prebiotics) [2]. The introduction of beneficial symbiotics with higher SP in our body should be a very
attractive rationale for modulating the microbiota, improving the symbiotic homeostasis of the superorganism and providing a
microbial stimulus to the host immune system against pathogens. Decreasing SP is another rational strategy for control of

microbial infections. As phages, which specifically kill bacteria, play an important role in the ecology, evolution and virulence
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of a number of pathogens, there is a rational use of phages for treatment and prevention of bacterial infections. The use of phages
to treat bacterial infections has a long history dating back to mid 1910’s [2]. Due to the availability of effective broad spectrum
antibiotics in the early 1940’s, phage therapy was discarded in Western medicine at that time. The rising crisis of antibiotic
resistance has recently increased great interest in phages and their use as natural antimicrobial agents to fight microbial infections
[2]. Compared with commonly used antibiotics, a great advantage of phages is their narrow host range. Recent studies showed
that co-infection with GB virus C (GBV-C) is associated with a decreased mortality in HIV-infected patients [39]. Therefore,
reducing SP between microbial agents (such as phages and GBV-C) and targeted pathogens is another excellent ecological

approach for the development of novel antimicrobial agents.

Specific Pathogen-Targeting (SPT): Immunoinfectomics- and chemoinfectomics-based approaches for prevention and
treatment of infectious diseases

In contrast to the ecological infectomics-based SPC approaches that focus on the symbiotic relationships (such as NP-NS
and CP-CS interactions) between the hosts and microbial communities, immunoinfectomics- and chemoinfectomics-based SPT
approaches emphasize the use of antagonistic relationships (such as UP-US interactions) between the hosts and microorganisms.
It is important to point out that the SPT approaches are intrinsically different from the conventional pathogen-targeting
antimicrobial agents, which kill both pathogens and nonpathogens [2]. The availability of the genomic information from both
microbes and their hosts has resulted in exciting new progress in the field of immunoinfectomics. Nanobody-based technologies
and immune epitope mapping have emerged as the very powerful tools for the discovery and development of novel antimicrobial
agents. Concurrent advances in both high-throughput chemistry and infectomics have given rise to the field of chemoinfectomics
for elucidating and validating drug targets, and generating novel therapeutics. Chemoinfectomics refers to the use of small
synthetic molecules that are highly specific for defined infectomic targets, for biological function analysis and to discover new
drug leads. The progress towards understanding the dynamic Sym-Pat duality in microbial infections using focal point theory-
based game models will greatly facilitate the use of ecological infectomics, immunoinfectomics and chemoinfectomics for the

rational control of infectious diseases.

REFERENCES

[1]. S.H. Huang, T. Triche and A.Y. Jong, “Infectomics: genomics and proteomics of microbial infections,” Functional &
Integrative Genomics. Vol.1, pp.331-44, 2002.

[2]. S.H. Huang, X. Wang and A. Jong, “The evolving role of infectomics in drug discovery,” Expert Opinion on Drug
Discovery, Vol. 2, pp.961-975, 2007.

[3]. M.J. Roossinck, “Symbiosis versus competition in plant virus evolution,” Nature Review Microbiology, Vol. 3, pp.917-
24,2005.

[4]. G.G. Dimijian, “Evolving together: the biology of symbiosis,” Baylor University Medical Center Proceedings, Vol. 13,
pp-217-26, 2000.

[5]. S. Lee, “Three roads to Quantum Gravity,” Basic Books, 2001, page 113.

[6]. J. Lederberg, “Infectious history,” Science, Vol. 288, pp.287-93, 2000.

[7]. J. Lederberg. “The future of infectious diseases,” Journal of Urban Health. Vol.75, pp.463-70, 1998.

[8]. H. Brussow, C. Canchaya, W.D. Hardt, “Phages and the evolution of bacterial pathogens: from genomic rearrangements

to lysogenic conversion,” Microbiology and Molecular Biology Reviews, Vol. 68, pp.560-602, 2004.

> 22



¥ 54 EE / MEDICINE AND HEALTH

[9]. M.E. Woolhouse, J.P. Webster, E. Domingo, B. Charlesworth, B.R. Levin, “Biological and biomedicalimplications of
the co-evolution of pathogens and their hosts,” Nature Genetics, Vol.32, pp.569-77, 2002.

[10]. A. Casadevall and L.A. Pirofski, “Host-pathogen interactions: basic concepts of microbial commensalism, colonization,
infection, and disease,” Infection and Immunity, Vol. 68, pp.6511-8, 2000.

[11]. T. C. Schelling, The Strategy of Conflict, Harvard University, Cambridge, Massachusetts, pp. 83-118, 1960.

[12]. J. Metha, C. Starmer, R. Sugden, “Focal points in pure coordination games: an experimental investigation,” Theory and
Decision, Vol. 36, pp.163-185, 1994.

[13]. R.E. Ley, D.A. Peterson, J.I. Gordon, “Ecological and evolutionary forces shaping microbial diversity in the human
intestine,” Cell. Vol.124, pp.837-48, 2006.

[14]. S. Falkow, “Is persistent bacterial infection good for your health?” Cell, Vol.124, pp.699-702, 2006.

[15]. D. Kuklinska, M. Kilian, “Relative proportions of Haemophilus species in the throat of healthy children and adults,”
European Journal of Clinical Microbiology, Vol.3, pp.249-52, 1984.

[16]. K. Benmore, L. Samuelson, “The evolution of focal points,” Games and Economic Behavior, Vol.55, pp.21-42, 2006
[17]. R. Sugden, LE. Zamarron, “Finding the key: the riddle of focal points,” Journal of Economic Psychology, Vol. 27,
pp-609-621, 2006.

[18]. R.A. Welch, V. Burland, G. Plunkett 3rd, et. al. “Extensive mosaic structure revealed by the complete genome sequence
of uropathogenic Escherichia coli,” Proceedings of the National Academy of Sciences of the United States of America,
Vol.17020-4, 2002.

[19]. G. Posfai, G. Plunkett 3rd, T. Fehér T, et. al., Emergent properties of reduced-genome Escherichia coli. Science.
Vol.312, pp.1044-6, 2006.

[20]. Brussow H. “Phage therapy: the Escherichia coli experience”. Microbiology. Vol.151:2133-40, 2005.

[21]. M. Ohnishi, K. Kurokawa, T. Hayashi, “Diversification of Escherichia coli genomes: are bacteriophages the major
contributors?”” Trends Microbiology, Vol.9, pp.481-5, 2001.

[22]. D.A. Relman, “New technologies, human-microbe interactions, and the search for previously unrecognized pathogens.”
Journal of Infectious Diseases. Vol.186, pp.S254-8, 2002.

[23]. J. Hacker, E. Carniel. “Ecological fitness, genomic islands and bacterial pathogenicity. A Darwinian view of the
evolution of microbes.” EMBO Reports, Vol.2, pp.376-81, 2001.

[24]. P.J. Sansonetti, “War and peace at mucosal surfaces.” Nature Review Immunology. Vol4, pp.953-64, 2004.

[25]. E. Rosenberg, O. Koren, L. Reshef, R. Efrony, 1. Zilber-Rosenberg. “The role of microorganisms in coral health, disease
and evolution.” Nature Review Microbiology. Vol.5, pp.355-62, 2007.

[26]. M.E. Bianchi, “DAMPs, PAMPs and alarmins: all we need to know about danger.” Journal of Leukocyte Biology,
Vol.81, pp.1-5, 2007.

[27]. S. H. Huang, “Infectomics-based new theory for dissecting the pathogenesis, prevention and therapeutics of microbial
infections”. Teda-Watson International forum on Biotechnology and Biomedicine, Vol.4, pp.73-74, 2005.

[28]. S.H. Huang, Y.H. Chen, G. Kong, et. al., “A novel genetic island of meningitic Escherichia coli K1 containing the ibeA
invasion gene (GimA): functional annotation and carbon-source-regulated invasion of human brain microvascular endothelial
cells. Functional and Integrative Genomics. Vol.1, pp.312-22, 2001.

[29]. J. Hejnova, U. Dobrindt, R. Nemcova, et. al., “Characterization of the flexible genome complement of the commensal
Escherichia coli strain A0 34/86 (O83 : K24 : H31).” Microbiology. Vol.151, pp.385-98, 2005.

[30]. S.A. Joyce, D.J. Clarke, “A hexA homologue from Photorhabdus regulates pathogenicity, symbiosis and phenotypic
variation.” Molecular Microbiology, Vol.47, pp.1445-57, 2003.

23 <



2B / ACADEMIC PERSPECTIVES

[31]. G. Silvestri, “Naturally SIV-infected sooty mangabeys: are we closer to understanding why they do not develop AIDS?”
Journal of Medical Primatology, Vol.34, pp.243-52, 2005.

[32]. B.A. Webb, M.R. Strand, S.E. Dickey, et. al., “Polydnavirus genomes reflect their dual roles as mutualists and
pathogens,” Virology, Vol. 347, pp.160-174, 2006.

[33]. R. Lucattini, V.A. Likic, T. Lithgow, Bacterial proteins predisposed for targeting to mitochondria. Molecular Biology
and Evolution. Vol.21, pp.652-8, 2004.

[34]. T. Uchiumi, T. Ohwada, M. Itakura, et. al., Expression islands clustered on the symbiosis island of the Mesorhizobium
loti genome. Journal of Bacteriology. Vol. 186, pp.2439-48, 2004.

[35]. M.C. Janssen, “Rationalizing focal point.” Theory and Decision, Vol.50, pp.119-48, 2001.

[36]. P.T. Leeson, C.J. Coyne, P.J. Boettke, “Converting social conflict: Focal points and the evolution of cooperation.”
Review Austrian Economics, Vol.19, pp.137-47, 2006.

[37]. L.C. Gao, “Principles of Systemics”, Science Press, Beijing, China, pp.126-132, 2005.

[38]. A.M. Colman, “Thomas C. Schelling’s psychological decision theory: Introduction to a special issue.” Journal of
Economic Psychology, Vol.27, pp.603-608, 2006.

[39]. D.E Yirrell, E. Wright, L.A. Shafer, et. al., “Association between active GB virus-C (hepatitis G) infection and
HIV-1 disease in Uganda,” International Journal of STD & AIDS, Vol. 18, pp.244-9, 2007.

Correspondence Author
Sheng-He Huang, M.D.

Childrens Hospital Los Angeles, University of Southern California, Los Angeles, CA
E-mail: shhuang@usc.edu

» 24



&5 / MEDICINE AND HEALTH

GLP-1M+RFHNERS KK :
MIIEREZIZ R E R:

Four Decades of GLP-1: From an Incretin
Hormone to Multi-Organ Protection

~

X PEF / Xiping Liu

NantWorks, Culver City, California, USA

WE

HEN+RE, HESRBESERERAEK-1 (glucagon-like peptide—1, GLP-1) HJFEREWITT. nPRF LA EIH
LIVIT AT 1 I SR SR, O DAL B S i BARGRPE R Va1 2 — o GLP-1 3243 ah77 (GLP-1
receptor agonists, GLP-1RAs) AR a2 R0 fops B3 (O MUREF ], IEAEAEIE. SRR FERE L E 0o i
PRI~ B PRITAH AR BT AU D RE R A AH S i i I T 208 B JE At JIS AR S e B0 HE T 1 s P
fi, AESIACETETOR IR B AT R B ZEVE R KRR S R BCE A . IEER, ZHERIRZIR
Bahiil. DR T2500. IS S . S5~ KON T GEA B 25 Bt it S5 B BOR A WTHESIGLP-1 24
Y ARAC S 008, Bt T A ZRAT IR (R I S ARG MR T R AT 5. A SR Gl
JRGLP— 145 VU - R AF SR A B AL R L SRBEIm PRAEYE S BURTZ5 W0 At Jig, B h B S5 LRI AR P R ALE
SRS TR RN R AR T I, FFah eAsE LR AN TR e 29T A 1R Feka sy, Rt
GLP=1I6 Y71 5 RK I A 5 170 S FAE T — AR RS 167 T ORI 71, DAON SRR 7T, I R Sk 2 1)
WY RIS % .

R JEERERFEIR-1; GLP-IARBNF; 20U RS ; AT ;OB — ARSI s RS HERE 2 N TR RE

ABSTRACT

Over the past four decades, fundamental research, clinical translation, and innovative drug development centered on
glucagon-like peptide-1 (GLP-1) have achieved remarkable breakthroughs, making the GLP-1 field one of the most
representative success stories in modern translational medicine. GLP-1 receptor agonists (GLP-1RAs) not only
substantially improve glycemic control in patients with type 2 diabetes but also provide well-established clinical benefits
in obesity, atherosclerotic cardiovascular disease, diabetes-associated chronic kidney disease, metabolic dysfunction-
associated steatohepatitis, and other obesity-related conditions. These advances have driven a major shift in the treatment
of metabolic diseases from glucose lowering alone toward comprehensive weight management, multiorgan protection,
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and improved long-term clinical outcomes.

In recent years, emerging technologies and therapeutic strategies, including multi-receptor agonists, oral small-
molecule drugs, biased signaling, structural biology, and artificial intelligence-assisted drug design, have continued to
advance the optimization and development of GLP-1-based therapeutics while further expanding their potential
applications in neurodegenerative diseases, healthy aging, and other chronic disorders.

This review systematically examines more than four decades of major scientific discoveries, pivotal clinical
evidence, and advances in drug development in the GLP-1 field, with particular emphasis on its fundamental biology,
receptor signaling mechanisms, clinical applications, and future directions. In the context of emerging trends in precision
medicine and artificial intelligence-driven drug discovery, we further discuss the evolution of the GLP-1 therapeutic
platform and its potential role in next-generation treatment strategies for metabolic diseases, with the aim of providing a
useful reference for basic research, clinical practice, and innovative drug development.

Keywards: Glucagon-like peptide-1 (GLP-1); GLP-1 receptor agonists (GLP-1RAs); type 2 diabetes; obesity;

cardio-kidney-metabolic disease; precision medicine; artificial intelligence.
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{1964-1987) (2005-2010) (2011-2018) (2017-2023) (2024-% )
1970s 2024+
1964 1) 1987 2005 2010 2014 2016 2017 2021 2022 2023 ety
|
) &)\~ | / RS
B L 2k 1 ik 1 : l i 4 : P 3
WL #EGIP £GP pt bl l it 114 HHRK L et frd ] B EHRAL CELE 1 WA BRAR SHURPS
BEMEND  (WRBGMGE | (UEMENE-1)  (Exenatide) (Victoa®) (Saxenda®) (CVOTSiEL (Ozempic®) (Wegewy?) (Mounjarc®) | (Zepbound) WA
fincretineffect)  (FRSRSH) REES | BHATT0  BAMTEM  OLOWEE  REATIO  BRATEN  GRATTO  RUATEM | ou ae me
NEARETNE  ETMEREE  WSEROAETH  EYGLPRGEE  SE-NEM BT ERAT LEADEREATE WH—REH REARGN  WRAGPUGP-R EEEEHETM  RENEXREE
REMEROARER NENRRMS AAGHAREE ATAMRSID)  AFEGPRA  KEAEWAW  CDNERR  DEAESEE WDN BRMeEAN  Amseagy | BRERTERE
#H6LP17-1T) 7 S GLP-TRA RESEOHNE i AR mEHE [ BEARA. O
F—— AT, MERMN
welsEARR D
WEATEN
RN B2 S RERP GLP-IRAERNHAKMERETNEETS
] o=
i & e ~ D> W © @ &
R HHREP wEEr FERE rERE EEGAT B AN R
AR RETHTA ERMEATR ABERAR WEREH. EN RS, SRR SRR R4, ON.
nftEEY T LT FT e BERANE SHERP R N BT

B 1. GLP-1 M+ REMRERE. EURBERE T GLP-1 S E R R KRB Kk Ik R4 AR
i, R T GLP-1 HAMpRERRENER 2 MERE. B O—F—H—RBRREE 2 S E RG-S
MR AR . . GIP, H&PHRIMEALE B RE LK (glucose-dependent insulinotropic polypeptide); GLP-1
, JEEHERFEM-1 (glucagon-like peptide—1); GLP-1RA, GLP-1 ZKi##h7] (GLP-1 receptor agonist); T2D, 2
BUBEJRM (type 2 diabetes); CVOTs, /LI 45RiAE: (cardiovascular outcome trials).

PU+sR4Esk, GLP-LIWFFLAEBEERN ALY 29, SRR A R R S (O RF S0, SOl T e 2t
RILAIE IR A B R aifEhE m 2 28 B R B SRR S5 m) 2 88 R 0BT T 6 ABEE . GLP- 1t —Fp 3
B2 58 EMERTRIRREEER, B8 REEONE G2 IERE. OISR 1B ENEZM (chronic
kidney disease, CKD) MARURThRErEEGAH ICHE W TETH (metabolic dysfunction—associated steatotic
liver disease, MASLD) & ZMIEVERIR I EEIAIT & RSB ZRKIL. REVELGYI R ZIERUEYE 1
SRR, HOR R REOT 0 A RIS WU B . IGIRFEA IR IR B A EE i R AP B (B
DS

2.1 B RBSHUHBEER B (1983—1995 4F)
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20 20 80 FEAXHI, MRmBEE )5 (proglucagon) DAY R D s e 31 58 Bl Y. BE S W FE RN, Jrhs 2 ] fE
REHRF AL AT, PR PR, GLP-1 f GLP-2 L MuEYIEIERL. Hrh, B 5B AEYIETEm
GLP-1 (7-37) #GLP-1 (7-36) BREAHARASRI%E, AnEE AR GLP-1 #F 7L IE T [1-4].

THReW STt —ESE, GLP-1 W] i 3 AT s st 7 AR R B 2 o, 300 v URERIRES R ANSE 2 P g b
PR, JFE s B SRR E IR S SRR OME R T . T AR B F A B LR A BT
VB, ERRAEE P R R A P AR AR ) RS A X A e IR —URe IR AR BN 2 B4R E, NSS4 GLP- 1 RGNt
REE T EEHIR A 1-3,5,6].

1992 4, Kl GLP-1 %244 (GLP-1 receptor, GLP-1R) P5t#ivif, b5 A GLP-1R 155 % % . GLP-1R &
T B 25 G FHHAMECZIK (class B G protein-coupled receptor, class B GPCR) . GLP-1R FI&IIAMY [# B T GLP-1 &
FEAEDFAE R T, NSRBI 0 R8O R T SO B TR i T JGBE AT 2,3, 7]

22 R B: WRBRBWMERBNGITEAY (1995—2010 52)

FAER GLP-1 BEANTGIA G T 8 — IRFERRE-4 (dipeptidyl peptidase-4, DPP-4) [#fi#, FH£&e 5 AbdusiErg, Mg
PN L) 1~2 min, 2E RG] T ERGIRBH . FS0X — RN, AT FE 0 T R 2 B AR 2
VIR —RIF K52 DPP-4 Befif. EAEKAERIB A GLP-1RAs; —J2JF & DPP-4 #iil7), DA NI
PE GLP-1 e Ho A i g 22 (1 4 F I8k 1R [3-5]

BT Ao BRI Exendin-4, BFFC A ST R SCFETRIL (exenatide) , FFT 2005 A3kt BT,
BONAERE A TIRIRE GLP-1RA, fr&d GLP-1 SER T HNVRTEEGER e T 25 se sl baJs, el
FRMEE B, AEAS AT ISR R AW KR, FIh &K (liraglutide) 5Kk, IT
2010 AL T 2 BUEIRIRIETT . GLP-1RAs 5 DPP-4 #IiRIibt &, FEFTTE 1 DA a4
IR IT BT AK[4,5].

2.3 IGPRFBHBL:  MEERER]OEIRYT (2010—2020 £F)

2008 4F, e [E 25 I EE HELR) (FDA) ZER0B A B 25T e R AL i 45 45 JR i3 (cardiovascular outcome
trials, CVOTs) , HESHEFRIF 2N AR 2 2 SOGE BN T2, B ) [m] i B O I A8 22 A PE AN PR 45
J&i [6]s

W), LEADER. SUSTAIN-6 Al REWIND 45 5C 8 I R IR IGARZKUESE, R &AL, 7] SR & oM B RO ik AN
Rets A RCE MpE ], BT PR A RO M F/; (major adverse cardiovascular events, MACE) /&3
Ko SICEIN, ZOWITER, GLP-1RAs Wil HEE K. ZEIRE N, JFRFFEIRE . MHESGE &
HofhZr A AQHHERE8-10].

XS SR UELE AR HES) GLP-1RAs B RAUE G FEREZIMIGTT AL, BOVFR R, IREMLO B IR
PR E YT SN, AR R PR S e al s R L AL, 1) DARRAR O U AV U RS . st
KRR S J7 A% D 2R B

24 RIFTIRRYB: IEMHET 58 ARR (2020 £E4)

BEN 2020 AR, GLP-1 #FFC0 NPERBIHIN B, IENIERRE. 299005 FE FLEIRT 7S RS HEdt .
STEP R FLUESE, FFE— KA FEAEE R 2.4 mg 7] 2 E PGB B s B F /R H, {3 GLP-1Ras 1EUS AR
KIZ5WA T M E ik, BJ5, SELECT WFAUHE—BiESE, wISetE ikl FR AR TOHE bRom E fl ke 1 ol AR £ 2 11
MACE JA%:, $E7RILO M IR0 AR e A . FLOW BIFA0 I & VGBI L 1B H ) B T 45 SRR I0IE 512,
> 28
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GLP-1RA FJ[#fIC 2 AUREIRIE & JF CKD &3 1) E 2B REs s s, i — B iiar 1 HAEO— B — R 58 H
o S A 11-13]

LR, 2SI RN GLP-1 SUEHT AT T Al GIP/GLP-1 XUSZARI )78 /K I ik (tirzepatide) 7£
R MR M1 = 7 T R L 22597 %8 GIP/GLP-1/fmikii 3 324 (glucagon receptor, GCGR) =i #)j7 retatrutide I
BE—BREE T IR, SRR R WU (R R BRI B A 2 ARG, AR T —ARARERGYT
(M E R T 1][14-16]

R, FRZ KR RSN GLP-1R Bl 8- i () P Bl 7R A B I =i
AURHEL. N TERHBIZIYT. AR TN & 2 HSF 0 TR,  IEAEHES) GLP-1 254 & th & 50 1%
AIE Mg fafe T MLEIERI AR IR BE R B, SURFIR, GLP-1  AHIGVRYT IERR IR R ZMASLD. BHZEM:
REEARITIN B 45 (obstructive sleep apnea, OSA) . FHZIRATIERR S HADMSYEL T . SR, ASELERLUE RIS IE S 2
UESE BCGAFEA AR I 28 e, HARIY T 2% 22 SO TN v 7 B 22 v o e B Lo R gk — 2B Bk [ 15,17-
2.

ZEM GLP-1 WU RERIKEIRE, Il 1 HaRly . 250 THE . I RIS AN L AH i [F] i )
AR . MIETEIR S ILZ AR R I, BIRBRSR GLP-1 PREHIREMZ203; I E A GLP-IRA 3i#tt 1
i, BLLERS . EEGYT . 28R E R RN TR B2 R, GLP-1 C A MR E K e Oy
R 28R EEWRIGT SR EFNEET-&, W02 s dt 7 BA RSB,

3. EREBESUIKED GLP-1 BIFTAE: Mo THLsI 2Pt

GLP-1 the e a5 e SON I R 2 I 2GR T T 6, HAF S EHTan 2 2 S A SE AR 2 A W SR
itz bo WUHRER, 2 T4EMY. A, SilEYS. ZIRTRE. RGN TR RES YU
R, ABRAM TR GLP-1 £ =D e A EINLHIFIAIR, JFESh GLP-1 2580tk e e ALz i e
PUHERE) . S5k fa AR IO RVE T . SUATIT S, GLP-1 SURIIGUHHENE 1 BV RN b —2
W FERE— 25 TR —IMRIGIE” A& S B B8 12 [2-6]

3.1 GLP-1 A=W ThRE KRR L R

GLP-1 FZ R g4 iy L 400, Wil (nucleus tractus solitarius, NTS) A HIEE 4 #HZ TCIRA] Ak
GLP-1. #HEJ5, M. IR E B E F- 5 ] I iE L 48R3 GLP-1, Jfid il
TE. AR “fp—i—J#f (gut-brain-pancreas axis) , FL[FRIHIEHEENERS. BWiasl. BELREE
[23.5.6]-

TN T BEOET: GLP-1 (2 2E 1 & B ORI e &5 22 700l s 40l sy IR IR S ™R ANIE 24 () iR s Wi 2 s LA S S 2%
B SR MR RN . EFR, KERAIGRIT RV, GLP-1 & 22 5IERIEN. &Y%
BT IENTAHS G BRI N s, AR DRe DL S e ER Y

HAT, GLP-IR7EfRE B4f. B IHME RGPS R G H 1308 L IIRE S BN 7 /0 IESE, A
O BRI B S 4t B 55 4 0 R A 2R AR R KSR LA E AR — e S+l AR 4R, GLP-14HGIG
ST Z A B R RE AT Rl 7 RIE TR GLP-IRAN- SR EEEN, S5 ARE N, BREREIPISGE. R
AL M DI RECGE M4 & RAEIR 55 RAVERON B VIRSC. 2R, ARSI GLP-1RFESLRIERE . 4i/iE
Ry oA S BRI, VAR B L. BRI Fr . R R 2H 5 S D Re At sT e — 2 W [3,6,21,22].
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3.2 GLP-1 /{5553 RimA iz

GLP-IR J&T B £ G HHAMEKZMA. BKASEE, ZEFEES Gs HAMEL, BoGRTTRMUEE (adenylyl
cyclase) , {RHFIMBERZIRET (cyclic adenosine monophosphate, cAMP) “ER%, FfiE—DHuGE A A (protein
kinase A, PKA) . cAMP BEL#HIHIIAC 5 1 (exchange protein directly activated by cAMP, Epac) NI Fif£ 4%
M. RIS B4, IXEAF SR S s R T, R RS RO AR . X
M, DTSR 6 26 0 MRS 9k 15 2R 2306 [2,3,5,6]

Ik, ANITIZHRE], GLP-1R  FRAEMIRE) “TF AL 324K, i — A 53N a A RHE R 2
BE5FE. ZHRBUGIE I 354E B-arrestin, S 5L Wb, NS, WIRGE S S LERTTEIES. &
WALJE ) GLP-1R 5 AT FE N AR R RFSE 42 cAMP (55, REIAHAS SH AR T2 A R BHH0E, 1022 H
MIEAL e is PR ARG SRR LI [R] ARG R 4% .

AN[F] GLP-1R #ahFIME G EEWIE . B -arrestin 25, 524K N A S A 532 5577 11 w] SR I A [ AR B2 (1) Dy e
PP, BRI PEREED (biased agonism) o Fig b, HOUCAFE S@BIIA S, A EAEYERF B R iayT AL
IR IERS, g DS AR K ATROFSCE RS2 . SRTAT,  ARAMSEES AU S B 115 50w 7 Be 75 A AL 3 s
RURG R A T R VRS, VAR AR 2 PR R, ol B A RN AT HE MG R Tt
— B IAIE[20-22].

3.3 Gl HES MY

TR, EPERA RS (cryo-electron microscopy, cryo-EM) HIHRGHE K&, f# GLP-1R 5KIRAUA. £k

23, BRI FIEh A K G A E SV Z4ES AR AT BIEHT, i B B 28 GPCR BRI 20
FAE TIEBNLHR A | AR 19].
WAL, IRRICOEH E el C i 52 MA it &, BEE N SR NS IR 2 AR Rl
A, IRATIZHTEN . AFEIAELSE SR SR EERRA B S o Btz 5, ) aE— 5o
SZARERR . S A KNS T ). SHER, #0348 ST GLP-1R B3 IRES /I8 N R A
B, AR T RARZ IR 7 ARE S ARTE A B X R T IRZN S+ GLP-1R SB35 B 25 A 75 751 )
WA PEAE T B IR [19,20,22].

IR E RS ol IR, MRR AR (structure—activity relationship, SAR) 7#7. 1HEALZE KN T
BREAHEN B B AT, B FCN D RE 08 SRS HE - R AL ECARSE R 7y S2ARIRERIE . 254080 1 RIS S5
A IR SAWEIT (structure-based  drug  design) FHUILIZHTSCNHT—1C  GLP-1 25900 & 1) 2 2 SR
[19.20,22]

34 S TR S AR
KAIR GLP-1 W2 52 51| DPP-4 Ffift, MR 1~2 min. $I0X— 2530 )30, B 7\ 5L5dE DPP-
4 PIEINL SAEME . TRITRIEE SR, HE AL S Fo Mla MPRhIass 2 THESRN, RIHESIGLP- 1 23tk
ekl H—IR B IR B ERGZ RS R DRESERSE KSR SNAC  (sodium N-[8-(2-
hydroxybenzoyl) amino] caprylate) IB&E il DI TT A, WISEEL T 2 Ik GLP-1 245%) 1 JIRashis (1) 5 25 [4,5].
BEAE RO RGN S B AR UGR AR WTRAL, 250 B8t o B — 2 ARz A0 e ) 22 5
[F] 45 . GIP/GLP-1XUSZ AR AN RIARK (tirzepatide) TESEHAE FEFE AR EE 7 1H B A B3 IR IR
GIP/GLP-1/fiEE 2521k (glucagon receptor, GCGR) —H A7 retatrutide N3t —208A 7 HIHI A GBS
U Rk RE BV AR BN A S 2 AR RIS, R I BE R AR S 1 [14- 16,22]
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PURZ AL R B sl R A B A B, AR RIS VE IR BN, 1R 2 LR A DU B 4L AR
Ve AERLEE. ETomiE. AR ML TR, DL, R E TR, REEfCes Al 2 4y 52
PEZ T I P o A0 AN RS2 AV E R I BAREL B, JFEAN R A Y BOR DU HEL IS, o 28
RZVIIER PRI B A [ 14-16,22] GLP-1 8L 28 N 70 WM E I S i — I —Behif i, IR e A TR, K
REJREE AR S R RN, LRSS Z s B IRy (2 .

2 GLP-1 ZZ#EFANHIE

BB (PR PERERE / P ] : ._
———— . Rl (a2 /a8 [ AEE (GLP-REIA)
- BEEHE 1 p . MELME
(s [ o e . SN « FEM (R&EH)
+ pERMRIATE T { ; VT = EETA | . ETFRE + BT (RIBENT)
- pEEAT L (&e® . BEEPER . BRARRRE . BB (EMAS)
+ pAEMENN G - WmmERE | - 83 (F3ISER)
i . RERPER
\1\;, G E2 L
= f
;:E:;; ! 4 N ' E:H:l * NOZEH
< ANEAR L ff - 8, e SARY :ﬁ;m
o BOER A e d - MEDNE 2o
. . BB L e
: ¢ QOEPERERL |
i LL:: ES L]
- FRAREH | ot o
+ FRRGTGZEE RO | i S PR
« FRSRESE 1 g sia o i
« EEMEBSE | B i I RERN L
+ EHCKDIER L
i ke . - AREN Ed 1L BiEHE RERS e
« REHR T e - WMt - CAMP/PKAHES . Hmm iﬂ. ;
cmmemi 0 ) - memwsmt | - eoocss . Ran el SV T
« HERE | S R LA « MAPK/ERKEES —p ° BBt ooy P —
CHERE 0 Y o0 - OAEEXE . AMPKEN . BEEP 0 ey
—— arrestiniiB « BEOWHHRAR * RENSAR
+ p-arrestin st - BARREGAS | CoAREN
e o, GLP-IXN R — WARGE (BOEER)
ﬂ' GLP-1 84 S0 - IBLEESE GERE) - UENE (EnSRKE) ————r RERABAE
(FEsTERERNEE)  *e" . BTRGASR - BER. SRADEFE e FAUEE (BBEE)

« EdmSE. Bd. REASDEEEEFR

B 2. GLP-1 Z & FHPLHIRER GLP-1 M g R 1 H K — i — R R %, JFaS SR E TR, SO
RS RGVERN, P FUAER Bl i OE. FRE. HPRE. AR B iE S 2 M e R 1ER .

i LR, FERHT AR 2 e HES) GLP-1 FFEEAURT IR 0Bl T WIRTEIRR I AR TilE S5 5 L iitlr, %
RURHBTZ YT, ZIKTARE. 22 R TR R B2t B — R RIS HOR RS
GLP-1 ZPMWTRIFEANTIIME. Ak, BEERAMA Y. TEAY . RGBS RN N LR R
BORKJREE RS, GLP-1 5B Acf it — 20 MU IT LIRS . S50 46 S . BRIRBEARE HEVCTHIRETEY
B, JUACHHIEIm SRR 2 48 B O MRS HEIR T 1R LI S SE B SE R AT QBT R 42 19-22] -

4. GLP-1 ZEBSIFIRERNAH: MFERRIZ 85 R

GLP-1RAs Fllf R M FHHESD T AR B 2406 T B IR ZIAE ¥ . B 2005 52 E > GLP-1RA SCIEARARIRAL ] T
2 AU PRI AT LK, Hilm RN O b ol B D 0 R AT ShRKIEAEREAL RO PR (atherosclerotic
31«



22 AR JEEE / ACADEMIC PERSPECTIVES

cardiovascular disease, ASCVD) . HliFRIGAHICIEME B IFZ0% (chronic kidney disease, CKD) . AR ThRERHT AHIC
A 1 %6 (metabolic dysfunction-associated steatohepatitis, MASH) A HABARFEAR IR . GLP-1 FHIETT K%
OIMETFARIRT R —2RE, TETEL SRR, R FRAG. AEEACH 5 IS MR SRR S5 L R oy 3
fitt, (EFEZAE RGIGIRG /I FEINGE, HEsho—E—H—RU— 0 Em S kg [5,6,21,22].

4.1 FERRRIRTT : NI MR B4R &R B

GLP-1RAs  F= BLil i W 9 a AN ORPE IR S 3 2« 09 v OB AS AN M I R bl R 142 B AT
S RE TR NG A AR RNV E T o pl T AR B 5 22 S50 HAT I WA, B2V IR R A 7™ AL AR ) AL
B AR5 5 2R B RSS2 e & RIS, A7 AR AR 2 (%) IR S AR B XS, 3 >4 A AR DS 27
[2.3,621].

= PRCHE L ML ER 1 (glycated hemoglobin, HbAlc) #F, GLP-1RAs iER[JERIAE, FFHGEmE. MG
G2 fERE E . LEADER. SUSTAIN-6 F1 REWIND 5 KAYBEHG FREE—DIESE, #15) GLP- 1RAs A
I REE S M T, BT PR A RO I FH44 (major adverse cardiovascular events, MACE) ¥k 4 AU,
FFX B LS R AE A B M [8-10] o

BEETEUE L R AR R, 2 BB R TIGITER S T ARG “ LA oGy, B0 LR & vl
ASCVD. CKD. /0»/j%Eug. AERE. AR RURS: S 3 MATE K o I RHE PRI T R B AT L e — Dok
W, SRS S IR ARRHE . & IRERGYT HARSSE MAIRTT, MEHMUKHE HbAle /K-FasefEmsiy. x1
H I ASCVD BLC IV i U IR A, MR Ze e B ELAT B O I8 45 JR SR AR UEHE (1) GLP-1RA; X T R 22 2
MEE, FISEMEIK GIPIGLP-1 SUZAARBENRE /KA SR R IE RS [6,8- 10,14,17,21,22]. AL,
GLP-1RAs T HUNIIAR 2 AUREFRIM SR & E I B 2SO, 20— B — R SR & B SR (1) B B i O

4.2 JEREEYT: TT R RSV EHTAR
NEMER — gt . 2R . FREERAT A 2 MR R SRR AR R . ORI, e 2 AURHER .

OB AR REREAS A SR AT (metabolic dysfunction-associated steatotic liver disease, MASLD) . FH
FEVEREARITIE (T (obstructive sleep apnea, OSA) K Z PGB EE GRS R, AiE T AT Ta &2 IER G
JTHHERE, (H FRA AR EE R 15 Az shii i e DA A ZE R B Im PR SRR E R F%[6,17,21,22]. This project was
made possible by NIH Grants (AT002478, AT004620, and AT004504) from the National Center for Complementary and
Integrative Medicine (to SXM).

STEP 1 W5t srn, fEARTE T T Tdsnt b, R — IR RS R A IR 2.4 mg, o]0 RIS (1768 B Bl A
JHERE AAE 68 JEII TIN5 14.9%, 2B F % 2.4% [11]. SURMOUNT-1 85Tt —HIEsE, & /R
Ik 15 mg V9T 72 F R B P20 T % 20.9%, 445 25008 AURIETH S5 KT [14].

GLP-1 AHICZYH RIF AR AR IR E N, S EFEERE SN B R BUs s, DUARIE., 1k,
MG S REFRAR ISR A OGS . SRT, AERERE BB IS I SRAFIE, 1520 )5 B ARG s AT 14 = (B AHBCA L.
U, AEREGTT RCEN TR, AR EIRE. GLP-1 ASCZMIN A, bREE IERE)T i B s
T TIPS KRG B, Ry B ARt i R AP Y e R R SRR, A&
T E KRR SR [11,14,17,21,22].

4.3 DRI EBRRERERIRRE
LEADER. SUSTAIN-6. Harmony Outcomes. REWIND. AMPLITUDE-O & SOUL 25 KA L 45 55 iR 56
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(cardiovascular outcome trials, CVOTs) £, 7 HAHEIGIEE IR GLP-1RAs BES (X MACE K4 X

o HTARZN D FEEM . ZERATRZRAE . RN ORI BT E R R, SO SRR s R A A
e8Ik, H AT AR AR FEAR E] O U DR 1 B TSR i GLP-1RAs (3L [RIZE 2405 [8-10,23-25]

SELECT W7 & K GLP-1RA [0 LB 3R 2 46 F 22 J0HE PR (1768 S ESIE N . A FTANN 17 604 41l REAE A7
TR MBI ATEE27 kg/m> BRI IIRREN, 4REIR, FIEEEK 2.4 mg AT MACE &ZAE XK F4E
K 20%[13]. FETiZWPE4E R, £E FDA T 2024 54 J& Wegovy HIEMNIE, TR E B IER: H O A0
PR I N R AR O AR AEEGEE O WA FE J AEBHEPE N 25 1 XU [13,21,22]6

HHEMAH, GLP-1RAs IO MU ORI ATRERIE TR E TR MR . RAE R L N R ThRE
B, DA AN B B s B AR RN, TR E SRR A R B4 [3,21,22] IXUEEHFFEAMMNAANL T GLP-1RAs  7E
ASCVD ¥ Kafa N S AL, WHESDIE PRI 25PN 2Rt R BOGTERRM T 28, I8P ) AL O I
AR IAIG RS S .

TEAEREAR ST L LR BE Y0 J) 550 (heart failure with preserved ejection fraction, HFpEF) &, STEP-
HFpEF } STEP-HFpEF DM W7t iR, &M &k 2.4 mg 7] 35 2035 00 J ZE S AH SRR AN B ARVE B 2 PR AR S, 4R
BN EAAE R, RIS R N FA26,27]. XLt DR, JEBERI BT 4L ThRE S AT RS
HFpEF HHEFEEATHRER. Ak, #% 2026 4 7 A, HFpEF WA pOAE) SERE IR S8 B AL AT 3E B
E, RO SRR ERE . OISR SRR PR SRR, (575 SERRIE . DU R AR o B S T ik
—AIESE[26,27].

4.4 BFRAY: WRZBMHIEERIE 4R IRRIEE

FHA CVOTs MIRELE f5 RAR R M7, GLP-1RAs BEBS IR/ DT A KR AR IR, FFnT BEIELR (55 /R
JEIE 3 (estimated glomerular filtration rate, eGFR) "N, HELIAEIEE &2 3R a8 2 i 1 8 R e Ik s))
[8-10,23 24].

FLOW /& & 101 DA & BB I S A% 0o 28 s ¥ GLP-1RA L1145 /i, Am s H B NEORY e iR &R M o pr ik
NG F I e SE B B 2B AN 3 533 4] 2 AU IR & 9F CKD 3%, iR oR, &F—IRAREEK
1.0 mg ] {5 32 BB I A 24 R R XU BRI 24%;  [RIIRE, MACE F14s[RIZET XU 293l FRAEG 18%F1120%[12]

GLP-1RAs B NERI T RS G A . ARE . MR EEEIR, PRI SO RS S8 A SO T e 2
ML mHLHIE L [3,12,21,22]. FEIRKSZEF, GLP-1RAs FHFAEACE H—IE Kk K RS IMHIF . 48— 5% H
PhFREEE E 2 #1157 (sodium-—glucose cotransporter 2 inhibitors, SGLT2is) BXIE & /A Eh B iR sz ks pussl,
AR B ACHPRES . O IE WS A AR A E DRI, 5 FR 2P0 Bl ELAN R ISR SR TT SR
[6,12].

4.5 MASH J FHoAh JE A IGE BLUE

MASLD 2AEHEFT 2 R R e S B AR AR DG RORE 2 —,  HAEA PRt . 980 AN FIRE FE AR 4L i)
HERVERBUFR Y MASH. GLP-1RAs Pl JRR AR, SEERS FHPT. FRIRIE R R 2 S ARUPIRES, 8
JHRERRIT B AR, FE ol o B I I AL 2323 3 [3,18,21,22,28].

1Y ESSENCE # AN AN S RERIZ . £ F2~F3 BIFF4EI0) MASH 835 . 55 72 A iR, w3
IS EIK 2.4 mg 4L E] “MASH 22 HIFAF 4 A" R LB 62.9%, Z2RIFIZ N 34.3%:; 1A% “HF4r4E
Tl b H MASH ASBAL” (1) 83 LU 50508 36.8%H11 22.4%[28]. F& T IR AU AR 4, EEFDA T 2025 4E
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8 A AtHE Wegovy FHTVRIT N AEIHE L MASH £ H0 fE 2 H FEIH4F4E4L, B F2~F3 JH4F4E4k. ESSENCE #iff
FTRIARELREYT, DA PPN O Rt fg I Dhfe AR IR S BB T S KA PR &5 S iR 2l [21,22,28]

£ OSA 4fs, PiBIIH SURMOUNT-OSA W7t rr, &/RIEKIGTT 52 J& ] i3 PRIl i —IRiE < e
B, WERESN, JFOCGEREIRMSOERAMARE29]. HT LiAgE R, 3EE FDA T 2024 4 12 H lt#EZepbound Bk
AIRARE R ARG A ES), FTHRIT AR R P EE OSA, I ACNSEEH M T OSA JRITHIZ
.

IEAh, GLP-1  AHORZTEACREAH DGR B T R . 2 FEON LR AAE S AR 7 TP I S AT TERF SR R
STEP 9 #f AL\, TEFEAEREAT B B AR M1 1T R SR, A SEAR B K 2.4 mg R S PRARAA AL, B mT4R
MR e SR ThRE[30]; (HERE 2026 4F 7 H, FLMARSAGMOL I E ST RIERAE. GLP-1 A7 #f
ZORATIESOR . R, BoleAT A S A B2 A S U R, B AT AL T 2SS B R IR R I B, HT
R &N KA e e v et — 2D IE[21,22].

SRS, GLP-1 MHRVAYT CHAE S RN 2 R R v 5 2 TUBE PR . L. ASCVD. CKD. MASH f&H:
A AR SR I L EV YT & o ARSI GLP-1 MR R R IAR . DRI R 78 X FZNG IR FH L% 1,

R1AREGLP-IHHREY. SRR IT M T E RN A

# fEME S R ARG AR 7T EUESE 1 £ Il AR AE

W IR (Exenatide) GLP-1R 2005 AMIGO EJI\GLP'IRA’ e B

Rl (Liraglutide) GLP-IR 2010 LEADER @ﬁ BE. BMACEX,

S EER (Dulaglutide) GLP-1R 2014 REWIND gg“'{ACEm@‘ T

A EMERK (Semaglutide)  GLP-1R 2017 ;EEEQITN%LS\%P Effj Eﬁ%s‘HASCVD"
ESSENCE

B RBEK (Tirzepatide) GIPR/GLP-1R 2022 zggﬁamsgls{iwwl AN, WE. OSA

Retatrutide GIPR/GLP-1R/GCGR TH %‘]a;'e 2 Obesity, Phase 2 ot pererh o | 2 800G TT

CagriSema GLP-1RA + B T JIIE:E! REDEFINE J s EE A

Zenagamtide (Amycretin)  GLP-1R + [BiF 54 11HH Phase 1 B B4 LA A

MariTide GLP-1Ri#3h + GIPRHHT Jue s Phase 2 SR CAHIRD

Orforglipron INFFGLP-1RJED 71 2026 ACHIEVE. ATTAIN %/'\DHE#MGLPJR%@

vE: GLP-1R, GLP-1%{k; GIPR, HiZiHEHRFIEILES RELHKEME; GCGR, FHEHEZ/A; MACE, FTEARLMAE S CKD, 184 & RE
s MASH, {QETIHREFEFSHI R ARG PEAT 45, OSA, PHZEVEMENRIEIR ST, B iR FEbmt (6] 3= B 45 26 E FDANEHE R )

5. GLP-1 YT HIB AT IR WO BB 2167 sk

K% GLP-1RAs fEREFRI . HERE S Oo— B — 5w T AR U E AW AL, ot eV FEE D 4 e e
IBATYEG . EREE WAL S HAE AR IR T k. SEREBTE R, GLP-1 {5 SRS 5w MR S Re E A A=
bb, IETTREMAARLZE JORE . AR SRR AR S S AR X 48 [3,21,22]. ARTMT, SREIRI . JEMER L—F—
AU CAR RS 7 PR IEER A UEAR AN A, B IRH AT By Ab T LRI 7T . S PR IR R B JiE fy
B, HESLImARUME 5 5 2 m iU AL RSt — ik K, RPN XL AEE NIRRT, N R X
> 34
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SERWT SR WGEPEIE . SIS S S BHLA IERIUESR , G HE A 5 B SR A bR S 2 i
5 TR A

5.1 MERATHEBOR . HLHIRT R S im R BkR

XA RS2 GLP-1 ¥t i 2 RiE R e —. GLP-IR RIE T2 M2 5% 200, B EMEAHA
T BEEHI AR E PRI . SR APER, GLP-1RAs A] feilid B M N RS 255 5 . A RIEFIE
ORI AERPERRIAR RS SR R AL D RS I@ AL KA A IR EFH[3,21,22] 0 SR, AN [RIZ540 4 i v i i 368 175
P XA RS R R BRI KA I RS T AR R 2R HILFER, fAE. . Mk
T 0 AL Sz DR 35 () 5 0 R R (RIS 2 R4 o DRI, ZENRIRBIFFE b, A0 A ot v >k 1) ) 2
i X GLP-1R /S EEAE RS2 X 57

R JRKHFER (Alzheimer’s  disease, AD) ZWFFBCNR NI EIGNIEZ — o BEEE B o W 7T
$27R, GLP-1RAs A[REsEN B-UEMFEER EUTAA. Tau S E BRI, #0248 200 K RE & Q. 2ATM, EVOKE
A1 EVOKE Plus PHIIILREA L0 BB SRR, IR A e s & RTG ST FAEIR T AD R B8 i35 o5 I PR R o1 e &
A FF LMK R, WARUESEH R AR E AN A DI RE A H H A TG RE ) FFE[31]. BRSEER 7 SE 4R AR el
AR bR S I AR, WASREHE SEHERT 38 SRS B I RS SCE A AN BT RE 3R 2 o

MA4#%0 (Parkinson’s  disease, PD) [ 7T [AFF 2 I LA LA FR B IS IR 45 SRA— B Rr i o BB
7, GLP-1RAs FIREJREEIPZE JUE . OELRATIREI R 2 L REMI 40, LIXIPARK TR T, AFlptds
RIGTT 12 AN H G2 sh DR BRI T BRI, (A2 EL SRR —80k e, HEEAN R BN
W[32]. it Ji5 T e Pk o — S FE TR IR TTU A iR R L RE 8 IS IR BUAE 2% PD R, R B BEA—3
PERIRAE RN [33]. SMATT S, A UESE 1A 2 LLSCRE GLP-1RAs 1E 9 AD B PD [ JUG YT 24547

AR F 75 2 — P WS B R B YRITI TR . A R B /KT SR e SR 8 A HBE, IR AARN
ife. ashthne. HEATRR ) AT A ik 45 HAT B I RS SO 28 AT B0E, T AR
BB AE bR EARA[31-33].

52 fEREERAL: BB MMIER R piEe”

LI FEREA ARG ERLEAL) FRE S R BURMERRIC. 1SR 2O 2 38 B i & DI fe
IR . GLP-1 AHCZPIRENS B AERE . BEIRI . OB . CKD OSA Al MASH %62 FiAE IS AH B, (R
A fe il I RO U b BRI RS 4 SR DhRe, A (i B i 10 12-14,21,22,28,29]

BRI FHER, GLP-1 [F 5 ReS SRR AME. SRS A0 iR iE b 2t F2[21,22]. H H AT
TADIEARIFAEIER GLP-1RAs REW B IE R N KA F 3 28U KA1y, WAFER MENRIIHER “hua
27 OGEROE. R, IR BRI R A e A I AN R

CFBER GLP-1 FHRZWNS, TR SRR FI DI RERAS 34k . 350 R B T AR
WHERE TEBNRE SRR AR DG ACRE , (FLBlEER (14 A o o o — e L s A o, AT R ILI & R 00 X
K, NHFEF . 255, ERARIURAIEEE[17,21,22]. R, SR S01F 08 R 5 T BEARE ]
FEAER T IRRIDE; EEFENPEEI). Dl SREIRe JFMSL VGRS TR, R IRARRE L.

R, ZFRENET BRANICRETHRERT, ERNGEHEIAERN). EARSEERA. ¥
PRTNRE. ZESIFERE. BRI AR KSR TERE T BN A5G HUHIZEN . 782 8 F R ARIAMRAGE F7 T,
FECEACU KBS 1 RIS v BE4ERP LA S B (R . (A Be 2 I A AR O IR AR PR ABFRARAR B, T2 LE IR/ 5 171
THIC [F 4ERF DI REfE 25« SRS ARG RE DA ARTE T EE, (R R 7Ffr (healthspan) FUSELC, TTIEM BB KT dr it

35«4
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£ [17,21,22].

5.3 RRBFFIT [

GLP-1 B St AR A B R A ATIRHE A, St TGRSR hae . 18 1E SO K 8 B 2 2 M) D)
W&o SR, GLP-1 Z3WfEA QSR SIS 1 225 )y, RTRES| K “IERIE NG " » BIMRIEE 2 KA
TR, FEWTIHLEENSIAR T 22 P MR = 78 70 I PRAE SR B -

ARRA TN FL AR =ANTT T R 28—, ROR RS Fr s 2SR 2 At T Rom e k52
BB, #E—bWE  GLP-1IR  EARFAHA. 4HRSRR RIS N SERIA . 2 E A MAEY A ThRe
[21,22]. 35—, MgaZEi . B NG FROEENE L2 S RO, WE G 2R S 1E H bx
S E BRI RA LY B A R, AN AN S R B E MR ok 2=, MR Z
e NTERESAFHE D Z 50, PUN IR T RESR s BB WA, IR RGO I R 2% 16
UEST R TASRESUR VIR S8 222

AR, XA R Y, HUBIS B, AR S GE s R R R A AL, NS R Tl
RA R GLP-1 SHR@ BRI A ROEANE “ #8 m BE—HLH AT 7T — W PR R — A L B e — I 3R 2a 1F
it BIPEIERR AR AR AT SRR LHRIE R SR A A T R BAT IR PR R SO H 3R 2 — U BT 532 F) SR 4
J&» GLP-1 MREWIA e IE AREHATT T & 3t D 4h v da T 22 R GuPEOm 76T 5N [21,22,31- 33].

6. GLP-1 2P kA% MBI R thFRBIZHTE 5 AN TERES)

GLP-1 Z57F R CHEN Z A H R B2 R ATHERE . DUk ARI B B R0 R £ 280N T e IRR SR GLP-1
FEWE. S T IREEKEE-4 (dipeptidyl peptidase-4, DPP-4) &N i EAREVES & R, 4T A H AR —
AR EIRE AR SRR . RO RS2 TR SCE B a2 KA ANRE, ke
AN IR 5 MR T I 2 FE L FE 3R [4,5,21,22]0

ZHLRARTR. DR, RSN T BRI ALURPRER R P EEh, DU TR RES B
BT EEROR, IEEILFRIES GLP-1 29t R R . SUEER, 25900F00 br vt B e 4 LU sohi A I 21 85 1 7K
FEAERENE, EPH MG KIYTRL Z2RERY . Zatk. SThet. WBITIRMIE. AIlliEE . fER
CEYAPSERS ] I E

6.1 ZEE LU EVRYT

HEJHEFN 2 BUBE PRI B B RRE . R DhRE . R B BURE . BT M BE B FEAE 2 2 hH HLORIC I A B8
P o BT AR SR TR 2 U R TR AAR, Y0 RIS C B — GLP-1 ks, BhbhEsYS
TR PR L R 1 22 22 k324K (glucose-dependent insulinotropic polypeptide receptor, GIPR) . Jifi /il 2 5244
(glucagon receptor, GCGR) 2 JRiE ZHH 532 Mt i 106 15475 5,14-16,21,22] .

GIP/GLP-1 B2 A E B /R AR D)y, S0k 1 2 B o SR £ B W M1 5 22777 1T ) =L 22 Il R0 (B . GIP/GLP-
1/GCGR =N retatrutide #—F 5| X GCGR ™3 M sl AAMBEEHAEIE M . IWHT SRR, retatrutide V6
J7 A8 AT NE P B E A R TR, fem R PRIRIE 24.2%, JRILH BRI
HIBJ) [15,16]. HAET, TR IELERE— 5 PP A SR R5OR SO AR ST RRE I RE M, e 28 I A€ fr
ARG B A R K2 S MV R 2 38 B 45 R 28 5 HI .

GLP-1 5[y 2218 B 10 B 5] 42 tH 2 24 A0 1 55 B2 & /7 [H] . CagriSema HH KRR TE 2R 2R MLUY) cagrilintide 5 7]
> 36
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FAGEIRAL L, BRI P 2% FAMY S AR 2 R G s IR DD R AR IR SR E AR ARSCIIDE 7L
O TR RN AL SO AR S 2 BIREROW AR IR EA [34,35]0 Zenagamtide (JRBFAANS
amycretin) & —FF3H GLP-1R FIFETE 2 32 ARBTG5 TR 254,  IEAE e SRIm IR TIT K [36].

Maridebart cafraglutide (MariTide) >KH GLP-1R ¥z GIPR fEHuH4 & HPik—2Z BB, HRERS
H—IREEIER ST % [37]. biddbERRY], ZRSMIFAEA R Z AT ERI BN, 10 ZE RS
WAL FARRNEYE . NAERIRE . (5 SHFEEm ). ZHURGE M 2GMBN A AE, DAEMAE ], AEE R, £
v B 3R a MK 2 Ak 2 1) SEBLRR T4 [15,16,21,22,34-37]

6.2 OfRZ S ERE/ N+
TES R 252 s oy BB VR T B FE A M I I B R R . IR A e & i i 5 U2 2k FISNAC
(sodium N-[8-(2-hydroxybenzoyl) amino] caprylate) F% [k, {2k 2 K257 B RIS, & GLP-1 2Kk
IR TR [4,5]. B CURAEYIRIFH FETSEAR, S IRZN E] . oK E Kk AR 2R,  FIEHRH
R A 25 R AT A 3 — AR 2 1]

JERRZE /N3 GLP-1R shiii@ & v kG = & T 247, BA DRI, 5 iR s Sag AL i)
LR H . Orforglipron & —FhdE H — IR HARAIAEIRZE /N 37 GLP-1R BEhH]. IR o, ol e e ek
BB A IR S SRR N, ] B35 005 2 AU5 FOw B pEAL 20 8 F7K-F[38,39]. 2026 44 H 1
H, 3% FDA #t#E orforglipron (74 Foundayo) ERACHAEIR MG ESN, HTER:, 2tz
— A EEAH GG T ) R R AR R A L, AR DUIRAEIRSE /N GLP- IR Bk 20k NI IR
ISz FH Y BE[40].

S5RRZ KL, N EARIE R AR 77045 A GLP-1R BSas s, JErTRefs e R M2 4, T
FEAERNERINTERLEE . 15 5 1A) AR B E[19-22]. HEMR/ANFIHEETERTE i T2 k2, HAT
WEARH . 25 B IS PR 2 IR JRURS: DA R A 30O I R85 o 7 75 R 82741 [21,22,38,39] o

6.3 KR 5 H SR

W ARITRR MR AR ALSE . PUAEL Fo Mg DLRERISIXEHRAR, GLP-1 AV CHEHAARER
WIS, AR R R A — 0 2 AR 6T 77 5[4,5,37]. ARSI 2576 B4 i 25 (R A AR M
PE, AHB K R T RE R SRR R AR B 1) RV R, KB TR EAE A 25T ) P, FRsk
J7 R ST AN A 8 2 BP0, TS e R AIE SR B 13 B . ZH SU B SR 1 Pl e 1o
FFRA ERRE. AT, EASE RALFEERT), SURAYITERRRE RGT. RS FIHARS & 35 R4
Mo FR b, BE5REREE X DI A 8505 e o] Be e AR AN 2 SRR s A B T AT R AE
R B AR RN (RIS B AR AR SGAS R B[ 21,22]

SR, AHAUEFEMEA BB 4 T 45 M s A S NS P LAHENT, U375 il e U0 A . IS 2k
. SRR ARG S R REE ST . JE T R VR, I B e L P TS 24
VIRE SRR AN IR v] R S ] BER M iR 2T Ak R, “RERSIE IS IR AR R T RE
BEAEAH DGR IR 2% 7 A 7 4 H B IR 25 E A

6.4 TR BB 52 hiEiE
GLP-IR #0355 7T 51 & Gs/cAMP {55 . B -arrestin 545, ZARNIL. WIAME S S LER T HEMER . AFRAC
PAAE IR S R R AR K RIS TR RIS A0 i 2 (R A AR A7 AE 22 5, FR R A el PR sh s oh R B [20-
37 <«
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22].

o G & m P ERCAA T E4ERE cAMP {55 A I Jk/> B-arrestin ZHAEMSZ RN 10, BE TR B TR
JEER T S2 A IR I RO K DI RE R M. 2RTT, 2R AL FFASER TE 5408, WA/ER GLP-1R {ia]RefEM
PRHRRREEF=E cAMP 155, TR FIE RS KIAZ . Rk, ARER R b2 mi” o
R 253 22 AIE o

PP VEAN IR 2S5 52 BIAARAY . ZARRIEIKT . SHBAE Rl a] A5 5 HOCRERE K o i B 45 IR 3%
SN B —PRAMERR A BE BTG PRI E RS . B i 2 s 2 28 B akat . AKA TR &5 A AniE AR T
frv EERSGAEY . EHIVEBFIRTIETEIGIRTE T, 3 PIRUFIX L 238 R A8 15 Fe e B b oAy ek = 1
RS2 S 2 A R A LSRR L 4 [20-22]

6.5 Gt 5 N T sesiBh st

AURHEIT A B P78 GLP-1R. GIPR Al GCGR 5 RAZ K. THALACAE. AN K5 5 A
HAEFHRSSHERR[19]. 456 0TI MRBOCR T E HAETHE, BN DA TN SR B e ]
FEAS SN FEUREET LA AN S2ARREE . FAUE PR RE e MR R, TR S i 2 1 i Beih
LVEN

N TR — DRGSR EERITH . =gt ZRiETE. 230715 B3, Syl Je ik K omT il v 55
ZUHAR, BALTH M —ThREOC R, TR AE L] e e VA RTE. M. kR
B AP TSR, AR REURIE LS. FOBTEN I GHE BRI . BT SR A0 o2 1 VT
fliv wFMRAL. BESE, PLAESMH A R B SR A[21,22]

SR, N LA BB AL R Pl S i FE AR R B O B . OB, At AL REBE AR R M . Bt . SEOR 2%
PEAR—SU R IS SRR, Y nT REFR B (O AMERE 11, TRE, AN TR REARREBRSLIGIGIE, 1R 545/ EY)
. EEAMEE, HAMGE . EE R LIGRE AT R RS, TR TR — SRR I U — s 2 )
— IR IR AR R . RESSAE. dii. S RIRIRZ 2 IRKAE, N TR REAERAIRIE 7146
HIERA N BA T RAMAR G 24(21,22]

6.6 NIRE L4 LR SRR NME

BEEHRB . GLP-1 AHSCZGYILE IR PRI 7T (T 2k e il B 20%, 2l BB T 7 b 2
AR BT S R BRI RN EL[14,16,34,37] RRPPO R RIS SR BB EEAERF . 15255 R, L— B — AT
ImRE R SRR 22t BV EERY . BIEm 2 KR, BERE SR AT RS

LRI, BENIREENE . R AER R IRV ORI T R o, AR SR ST K.
RN T ARKIGA S 70T R 8 B R 25T RE X i A T AN R, T AN ) A ELUR. AR T RETE
JRAAEIIRFAE S I69T HAR. GIFAE. TSIk a2 fils St sk AT R HE ) IR IEFR M 2 eI TR RS o

TS, B GLP-1 2590tk O i SR aiiE sk B s PR AR (R ], SZBD e i i T 2. 2o s
TRy 22ty BRTIRE. T ARMNE KSR KRR ZR S AL . ASREBRIGRINME RIS T 5, ARdbiE
RRD . PR RO IRE IR SR 25, N AT W 52rE. ath. gk, HNRES K
A AR R SR T R T T SRS

ZELEE RN R HPUEREE . Imr v N DR e o, LEME T GLP-
1 23R GIHTT 1A BERZMAY)Y: . RGN THREMRSHREL S, GLP-1 20k IEh 2kt
7 TRACE SRR T BURWED . TR SR EARLS S B B SR, BTHORNUE SRS BE 75 Fe 28 2
> 38
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W7 RRRE . AT B R A KA R IR i VG T 77 58, 1575 im0 B I A 0 A L S SR H8 4 S 50 [ 19-
22].

7. GLP-1 kiR ERE: WEIEEREIEHES

I ERPUR4E, GLP-1 #FFC5ER T B R 2R R AR Y22 R I R AR = 22 2R TP & Sk GLP-
1RAs A5 23 2 BONE PR AL A 2B ) B s ) SR L B, ICAE SN IIOR PR M O U . B PR AR
FAGVE S WEZw AU DI R FEAG AR S 7 1 B 28 B AR REFHEAR DG I AE rh e 30 L B B PR ANE[5,11-14,21,22,28,
29]. X —RIRFREFCRIL T SERITETT . SZARZG T SERgAE Wt 2 TR S ORI AR I s Rk ) i 1k
P 2EA

R GLP-1 AHIIBIT AW o0, KR 5 e MR AR R I e EPR . BB A RN
DLIRITR 521 1) 5, RHFE SR PRIE RS BRAR et EFRBAAE, LU PR EE A HE LI S e UK
AT 758 I K B U A B St S SRR AN [17,21,22]) SULREIN, AERERAT B 018 S R RHIE, (5255 88K
PSR B R WL, 378 GLP-1 AHIGIRYT & A VE K IR0 o Bk, AR E F B X T L&
MFH DR RIS Lot i B I A AR I B R R AR, AT R et Mok e
— KB PTG A B 2 L [ TR T — P A

B PR AR A B I AEM = 5 IR IR R v, AR S TEARE N SGE . BiEm 2. S
WL O—E— 3R S TTHAAAE I R 5 . RARBIZES IMARERR , B 5. ABRE. AR EY).
SRR 2T DRGSR AR S 2 45 5, B IR R R E R k. SRR RO i
Ao 10T RN B AN M A0SR MR T g, BRI O S 4 B DR ORY . HIEER 25
A BEERE . SADIRe AR R ERZAEEE, WMHES) GLP-1 FHXGEYT AR atia M B IR Xk
PIREHEDR 22(6,21,22] o

KR, BHEAFIH FUERETS FAEFA Y AR, A0 SN S IR TR R FUE P SR BT
HEB 36, JLSCHE U 8 KA AL G320, AR SRR I GLP-1 AHSGIRTT IR RN B () B 2Rl . B2 2
B E . ZIAES A AR, R N TR RN R, R AN B8 B LUK I R 4
Fi 2N SRDIRE . RIS E R B BT RO P AR, TS REAUR IR ARSI RIS . SRR T A bR
WA A B SOk B AT L

NG GEREYE R 2 HABORIEEHES) GLP-1 WERENE IR ER S R B B . Aok, AN TH
REA M B G T 450 MBS Zifah . BEEE. @Rl LE St A¥dE, =EaiHay
WERRCR, IHRBNEFE 3 7 RN MARAGIR T (21,22 ART, A LR R A T SE AT i B2 Al
ZHAEM R, RN FREFRREAREM . ST aE R ISR BRIt EA R . B m A & AT
FRFEPEA IR, AT REREMARE Y Rz AhRE 77 BRIk, N RN REAS RE AR S B0 S0F R P 1B TR S5 H A4
. EEAEY, Al E S LATHE TR R SR RS, LR RIS — T PSR
(S

GLP-1 25 VP A it — 20 B OGE FERE A RO, R EKIAZ BT IRIRE R E4ERR, (F24)5
IEE R, GRS NN SERER. GRThee. BFiREL R AERE T IKAESE Z 4fatr. St
I, Z59AEr=Re s BENAR e e MBIt AR . VRIT AR KR T IR 55, s B R T R e 5 e
RFREETT ) 2 A TR R A o WHATAE QRS . IRPRIME . FE3E W] RN BT B IR AR 52 e 70 2 TR B
185, FFRA GLP-1 SR R A e i) = BERE [21,22]
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JEERAK, GLP-1 50K (1 H b AN FR T @M T B 1) “iRsmeiy)” , M@ 2a. AL o
Frek, ArfdE, JRE T AFERIRI B ARIFAERS MAFMAT R HEGR TR R . BEEEWEYZ. &
gigPiae. NTERE. KIWImRES R L S TR R I Rr 8 R, GLP-1 HASRIGYT A Bt — DSl iy H st
R OA R 28 R G, BTG T I RS HE YRR T, R AR P 3 o — B — I —A
PRI — A E B

GLP-1 W-HRAERI KRR, FERRL A A A A LB T BRI, R I RIS IE A Ak
Fetl, A RERAIVIRFFEET ) 2 I EFH R 5 AR IME. AR, BEERIERY:. REHHY. SHED
o NLE e S H S FHEE R — PRl S, GLP-1 BT AR R <AL 22 4 5 R KRNI,
FoE IR T DI 2 E G E . MR AN IS PR BB ia TR LR
O E R 5 LR 3

YEE i

X PGP KIS B 0 7 SR 2T R, BUESEE — K AWH A m iR e, TEMR. % X AR
BRI B T E MR A R AL . SRR EEFHIRFE S (USACSA) 20242025 FI 4
2K, BEhEmN R RS TR, TEZS, WEZiasd). kT, W55k, 8T Ucmieskly. 2igsS
N

RPN
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ABSTRACT

We analyzed the teleseismograms recorded at a seismic nodal-array consisting of 100 stations deployed atop the
Calico Fault (CF) in Mojave Desert, California, and identified the fault-zone trapped waves (FZTWs) characterized by
large amplitudes at 0.5-2 Hz in ~3.5-4 s and ~6-8 s durations, respectively, following the transmitting P' wave and P-to-
S converted S' wave from the Moho discontinuity at stations within the ~1-km-wide CF compliant zone. When the P' and
S' waves enter the bottom of the low-velocity waveguide (LVWG) formed by the CF compliant zone at seismogentic
depths, FZTWs are produced by constrictive interference of reflective waves within the LVWG. The receiver functions
computed by deconvolution between the radial- and vertical-component teleseismograms confirm these newly identified
FZTWs arising from the P' and S' waves. This new type of FZTWs has not been used before, but they appear to have
great promise for diagnosing the depth extension of fault damage zone at seismogenic depths where the coverage of
seismic waves from explosions and local earthquakes is poor. Our 3D finite-difference simulations of these FZTWs show
that the CF compliant zone with the maximum ~40-50% velocity reduction in the fault core likely extends to ~8-km
depth. Accurately extracting the fault damage zone structure at seismograms helps us in evaluating earthquake physics
and predicting hazards during earthquakes. This article provides the details of Author’s presentation at the Seismological
Society of America (SSA) 2026 annual meeting.

Keywards: teleseismogram; fault compliant zone; low-velocity waveguide; fault-zone trapped wave; Moho
discontinuity; P-to-S converted wave, receiver function.

INTRODUCTION

The Calico fault (CF) is located midway between the 1992 Mw7.3 Landers and 1999 Mw7.1 Hector Mine
ruptures (Fig. 1a) on which fault-zone trapped waves (FZTWs) generated by explosions and aftershocks were recorded
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(Li et al.,1994a, 2002; Cochran et al, 2009). The FZTWs could be produced by coherent interference of waves reflected
at the boundary between the low-velocity fault zone and high-velocity surrounding rocks (Li et al,1990; Li and Leary,
1990). Coseismic interferograms for these earthquakes also showed strain localized on the CF and other nearby faults
(Fialko et al., 2002; Fialko, 2004). Line-of-sight displacements are clearly associated with the CF (Fig. 1b). Geodetic
estimates suggest that the CF has as much as 7 mm/yr dextral slip rates within the eastern California shear zone (Peltzer
et al., 2001). The trench data indicate that the last earthquake occurred on the CF at least several hundred years ago. A
team of academic researchers from University of Southern California, University (USC), Uinersity of California at Los
Angels (UCLA) and University of California at San Diego (UCSD) installed a square array of 100 seismographs atop the
CF (Fig. 1¢) in Mojave Desert in 2006. In the previous study, a 2-km-wide low-velocity compliant zone along the CF
was imaged by FZTWs generated by explosions and local earthquakes, traveltimes inverse for local and teleseismic
earthquakes, and InSAR observations (Cochran, et al., 2009). Seismic velocities are reduced to the maximum of ~40-
50% at the center of a ~1-km-wide fault core damage zone, which extends to 5-6 km depth, and becomes narrower with
a lower velocity contrast at greater depths. It indicates that faults can affect rock properties at substantial distances from
the primary fault slip surfaces and throughout much of the seismogenic depth, implying that the portion of energy
expended during rupture to drive cracking and the development of fault systems.

The 3-D structure and material properties of the fault damage zone at seismogenic depth will influence rupture
propagation and may offer a basis for such elusive source parameters as the "asperities", "barriers" and the upper bound
frequency “fmax’ of seismic waves that can be radiated from a fault zone in sake for the strong ground motion prediction
(Aki, 1979, 1984; Papageorgiou, 2003). Brune (1970) introduced a cutoff frequency of about 10 Hz in the acceleration
spectrum in accordance with the general appearance of observed strong motion records. Ida (1973) interpreted the cutoff
frequency as the source effect and estimated the critical slip in his slip-weakening model to be of the order of 10 cm.
Papageorgiou and Aki (1983) attributed the cutoff frequency to the size of cohesive zone (breakdown zone) acting as a
spatial smoothing operator on fault slip. This range of the “fmax” may correspond to the range of cohesive zone size
from 50 to >200 m. Ferry et al. (2025) found in their numerical modeling that the co-seismic off-fault damage zone,
while narrowing with depth, becomes denser to act as an energy sink, significantly influencing rupture dynamics by
stabilizing slip rates. The damage formation markedly reduces rupture velocity and delays, or prevents the transition to
super-shear speeds even for a narrow damage zone. Thus, permanent damage zones at seismic depth plays a critical role
in development and dynamics of faults, intensity of ground motion, and earthquake hazards along the fault zone due to
its waveguide effect. However, the resolution to image the deep portion of fault damage zone is usually less constrained
at seismogenic depths where the ray-path coverage of seismic waves from artificial sources and local earthquakes is poor,

In order to accurately extracting the high-resolution image of the CF damage structure at seismogenic depths we
innovatively use the new type of FZTWs identified in teleseismograms recorded at this seismic array atop the CF
compliant zone. These FZTWs have not been used before, but appear to have great promise for providing unprecedented
constrains of the depth extension of fault damage zone because they arise from seismic waves that unprecedented
constrains of the depth extension of fault damage zone because they arise from seismic waves that enter the bottom of
fault damage zone at deep level. These FZTWs are further confirmed by receiver-functions computed from
teleseismograms. We interpret the large amplitudes closely following the transmitting P-wave and converted S-wave in
receiver functions owing to FZTWs which are produced within the LVWG of the CF compliant zone when body waves
coming from the Moho enter its bottom. Combined with the previous velocity model of the CF (Cochran et al., 2009), he
results from observations and simulations of these FZTWs reveal that the compliant zone with velocity reduction of 40-
50% along the CF likely extends to ~8-km depth.
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Figure 1. (a) Map of Mojave Desert in S. California shows locations of earthquakes (blue circles), explosions (red stars) and
seismic array stations at the CF in the square (after Cochran et al., 2009) which outlines region in (b) Colors denote variations
in line of sight (LOS) displacements caused by Hecter Mine M7.1 earthquake on 10/16/1999 that spans 1/13-10/20/1999 (after
Fialko et al., 2002). Black triangles and red circles are seismic stations with 40T and L22 sensors of lines A, B, C and D in (c)
across the 2-km-wide CF compliant zone (grey color) with the 1-km-wide fault core zone (dark grey). (d) Map shows locations
of M>6 teleseismic earthquakes recorded at the CF array. Red circles labeled with T followed by Julian date, M by magnitude
and D by depth, denote teleseismic earthquakes are used in.

THE DATA AND WAVEFORM ANALYSIS

A dense array of 40 intermediate-period (40T 0.025 Hz) stations and 60 short-period (L22 2Hz) stations was installed
ina 1.5 km x 5.5 km square adjacent to the Calico fault (CF) for six months starting from June in 2006 to record seismic
waves from shots and earthquakes. Station spacings in Line A, Line B, Line C and Line D of this square array are 62.5,
125, 250, 500 m or 1 km unevenly. Each station has a L22 and/or a 40T sensor buried in a 0.5-1-m deep dig hole with
three components in the vertical, parallel and perpendicular to the fault strike. The seismometers worked in continuous
mode at 100 samples per second, and were synchronized by internal GPS clocks. The data recorded for 3 explosions and
5 local on-fault earthquakes have been used for FZTWs analysis, and 20 local and 8 teleseismic earthquakes used for
travel time tomography, showing a ~2-km-wide with ~1-km-wide core damage zone along the CF extending to 5-6 km
depth, within which seismic velocities are reduced by up to ~40-50% and shear moduli reduced by -55-70% from wall-
rock (Cochran et al., 2009).

In the present study, we examined the teleseismograms from 26 M>6 teleseismic earthquakes occurring at distances
of ~40°-80° great circles to the CF array site during 2006 (Fig. 1d). We identify this type of FZTWs with large amplitudes

and long durations of ~3.5-4 s and ~6-8 s, respectively, following the transmitting P-wave and P-to-S converted wave
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from the Moho discontinuity arriving at stations within the ~1-km-wide CF core damage zone. Table 1 shows magnitudes
and locations of seven teleseismic earthquakes named by TE followed by the Julian date of the event, from which the

teleseismograms are exhibited and analyzed in this paper.

Table 1. Teleseismic earthquakes recorded at the seismic array atop the Calico fault

Event ID Type Magnitude Latitude  Longitude Depth (km) Jistance
TE162 Teleseism 6.3 33.130 131.150 140.0 72.2°
TE244 Teleseism 6.7 6.780 155.540 38.0 69.5°
TE271 Teleseism 6.9 -16.613 -172.035 28.0 73.5°
TE272 Teleseism 6.1 10.910 -61.650 53.0 55.0°
TE276 Teleseism 6.3 -18.860 169.090 161.0 65.7°
TE288 Teleseism 6.7 19.878 -155.935 38.9 37.8°
TE317 Teleseism 6.8 -26.038 -63.243 547.5 78.9°

Teleseismograms from Teleseismic Earthquakes West of the Array Site

Fig. 2a shows teleseismograms recorded at five 40T stations of seismic Line D across the CF for a M6.7 teleseismic
earthquake TE288 (see Table 1 and Fig. 1d) occurring at 39-km depth beneath Hawaii Islands and ~4200 km (37.8°) west from
the CF seismic array site in Southern California. The primary P-wave and S-wave are visible in teleseismograms while strong
surface waves appear after 1000-s from the event origin time. In Fig. 2b to 2d, we apply a band-pass (0.5-2.0 Hz) filter on
teleseismograms between 435 s and 460 s from the event origin time recorded at four cross-fault lines (Lines A, B, C and D) of
the square array. The transmitted first-arrival P-wave (called P”) closely followed by the P-type fault-zone trapped wave (called
P’FZTW) and the P-to-S converted wave (called S”) from the Moho interface closely followed by the S-type fault-zone trapped
wave (called S’FZTW) appear clearly in vertical and horizontal components, respectively, at stations within the ~1-km-wide CF
compliant zone. The time difference between P’ and S’ is ~4 s when they travel at the average speed of 6 km/s and 3.3 km/s
respectively between the Moho discontinuity at 30-km depth beneath Mojave Desert and the seismic array at the ground surface
(Fig. 2e). When the P’ and S’ waves enter the bottom of LVWG formed by the CF compliant zone at certain depth, P’FZTW
and S’FZTW are produced within it due to constructive interference of multiple reflected waves at the boundary between the
fault zone and high-velocity surrounding rocks (Fig. 2f). The P'FZTW and S'FZTW show large amplitudes and long durations
of ~3.5-4 s and ~7.5 s durations following P* and S’, respectively, within which the FZTW amplitudes are twice above the
background level. The PSSP ratios of these FZTWs are ~1.9 (refer to Li et al., 2016), indicating a prominent LVWG formed by
the sub-surface CF compliant zone to trap seismic wave energy from the teleseismic earthquake. Multiple amplitude peaks of
FZTWs are noticeable, corresponding to multiple layers of the CF LVWG with depths (refer to Li, 2025). In contrast, such
FZTWs do not appear at stations located out of the CF complaint zone. The multiple-phase P”” and S” waves (named PPmP and
PSmS in Fig. 2e) traveling between the ground surface and the Moho interface, arrive at ~10 s after P and S’, respectively.
When they enter the bottom of the CF compliant zone, the secondary fault zone trapped waves P”’FZTW and S”FZTW are
produced within the LVWG with smaller amplitudes due to twice longer distance and the incomplete reflection coefficient at
the Moho discontinuity. Although the later portion of S’FZTWs might be overlapped by the early portion of P”FZTWS, we
could measure their durations in horizontal and vertical components of teleseimograms, respectively, to avoid the interference
between them.

In practice using receiver function technique, the fundamental assumptions include: (1) plane wave approximation, (2) the
PS is primarily recorded on the radial, (3) the receiver function only describes P-S converted energy at the Moho discontinuity.
We compute receiver functions by waveform deconvolution between the radial-component and vertical-component teleseisms
for isolating the local response. Fig. 2g shows receiver functions computed for teleseismograms from teleseismic earthquake
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TE288 recorded at stations of Lines A, B and C, which were located within and out of the CF compliant zone. The
peakamplitudes of P’ and P-to-S converted wave S’ from the Moho in receiver functions (color curves) appear at ~0 s and ~4 s.
The multiple-phase P’ and S" arrives at ~10 s and ~14 s. Receiver functions (curves in blue and yellow) at stations A15, A24,
B15, C09 and C20 located within the CF compliant zone show multiple large amplitude peaks in 7-s-long time window after S'
(in red box and marked by red bar). They are likelyassociated with S-type trapped waves S'FZTW produced within the multi-
layer LVWG of the CF compliant zone as S' wave enters its bottom (refer to Fig. 2f). In contrast, much lower amplitudes
following S’ in receiver functions (curves in green color) at stations A03, BO1, B26, A04 and C03 located outside the compliant
zone as shown by theoretical waveforms of the receiver function in Fig. 2e. Similarly, the large amplitudes in ~4-s time window
after P' (in blue box and marked by blue bar) likely associated with P-type trapped waves P'FZTWs produced within the CF
compliant zone as P' wave enters its bottom. In the same sense, the large amplitudes after multiple-phase P”” and S" likely owning
to trapped waves P"FZTW and S"FZTW produced within the CF compliant zone as P”” and S” enter its bottom at depth. Thus,
we consider that identified FZTWs in teleseismograms are produced by a low-velocity CF compliant zone at depth rather than

the site effect or shallow anomaly structure.
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Figure 2. (a) Vertical-component teleseismograms recorded at 40T stations of Line D for teleseismic earthquake TE288; x-axis
is 1600-s time. (b) and (c) There-component teleseismograms recorded at Line B with 40T and L22 sensors show S’FZTWs and
P’FZTW with large amplitudes (in red and blue boxes) and long-durations (denoted by red and blue bars) at stations within the
~1-km-wide CF compliant zone. Multiple P” and S” followed by secondary FZTWs are visible. X-axis is 25-s time. (d)
Teleseismgrams in horizontal-component at Lines A, C and D. (e) Sketch shows ray paths of the P-wave from teleseismic
earthquake, the transmitting P-wave and P-S converted wave at the Moho and their multiples to station at the surface. Theoretical
waveforms of the receiver function by modeling the amplitude and timing of those waves (PS, PPmP, PPmS, PSmS). (f) Sketch
illustrates the P-wave from teleseismic earthquake, P’ and S* waves entering the bottom of the CF compliant zone to produce
trapped waves within the LVWG. (g) Computed receiver functions (curves in colors) of teleseismograms at Lines A, B and C.
Large amplitudes with long durations following P' and S’ (in blue and red boxes) at stations within the compliant zone owing to
P'FZTW and S'TFZTW). Multiple-phase P" and S" are followed by P"FZTW and S"FZTW.

In the next example, we examine teleseisms recorded for a M6.3 earthquake TE162 occurring at 140-km depth in Honshu
Prefecture of Japan, approximately 9500-km (72.2°) west of the CF array site in California. Fig. 3a, 3b show three-component
seismograms recorded at Line B. P-type and S-type fault-zone trapped waves P’FZTW and S’FZTW with large amplitudes and
~4-s post-P” and ~7-s post-S’ durations appear at stations located within the ~1-km-wide CF compliant zone. Similarly, the
trapped waves P”’FZTW and S”FZTW following the multiple-phase P and S” appear at these stations. P-type and S-type trapped
waves are prominent in vertical and horizontal components of teleseismograms, respectively. However, P-type trapped waves
are observable in perpendicular-component because waves come from the teleseismic earthquake TE162 to the CF LVWG sub-
vertically and transverse to the CF strike. In contrast, brief body waves with weak amplitudes are recorded at stations out of the
CF compliant zone, indicating that the CF compliant zone traps abundance of seismic energy. We computed spectral amplitudes
of teleseismograms recorded within and out of the surface-rupture zones of the CF compliant zone. Spectral amplitudes are
computed using the Seismic Analysis Code program (spectrogram) and normalized with respect to the maximum amplitude
among all traces. Fig. 3¢ illuminates normalized spectral contours, showing large amplitude (in red color) of PFZTW and
S’FZTWs at ~1-2 Hz with ~4-s and ~7-s durations following P' and S' waves at on-fault station B15. The PSSP ratios of
these FZTWs are ~1.7. Much lower amplitudes and shorter durations (<2-s) and smaller PSSP ratios (<0.8) are registered
at stations B1 and B26 outside the compliant zone. The spectral amplitudes of trapped wave S"FZTW following the
multiple-phase S" waves at station B15 are also higher than those at stations B1 and B26.Both of P-type and S-type fault-
zone trapped waves are observed in perpendicular-component teleseismograms recorded at stations of Lines A and C
within the CF compliant zone (Fig. 3d). We notice that the late portion of S’FZTW is likely overlapped by the early
portion of P”FZTW in the perpendicular-component teleseismograms. Therefore, we measure the duration time of the
S’FZTW is mainly in the parallel-component teleseismograms to avoid this overlapping issue.

Fig. 3e shows computed receiver functions of teleseismograms at partial stations of Lines A, B and D. The P’ and S’
appear at 0 s and ~4 s, and the multiple-phase P” and S" at ~10 s and ~14 s. Large amplitudes show in time windows
~3.5-4-s and ~7-s following P’ and S’, respectively, corresponding to the trapped waves P'FZTWs and S'FZTW with
PSSP ratios of ~1.5 produced by the fault LVWG and recorded at stations (A15, A24, B13, B14, B15, D9 and D15)
within the CF compliant zone. In contrast, much lower amplitudes following P” and S’ in receiver functions at stations
(B03 and B24) outside the compliant zone. Similarly, large amplitudes of P"FZTW and S"FZTW appear after multiple-
phase P" and S". Therefore. receiver functions show the existence of low-velocity structure along the CF compliant zone
at depth.
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Figure 3. (a) and (b) Three-component teleseismograms (0.5-2 Hz filtered) at Line B for teleseismic earthquake TE162 show
S'FZTW and S"FZTW with ~7-s duration as well as PPFZTW and P"FZTW with ~4-s post-P duration iat stations within the CF
compliant zone. X-axis is 25-s time. (¢) Normalized spectral amplitude contours of perpendicular-component teleseismograms at
B1, B15 and B20 show large amplitudes (red color) of FZTWs with ~7-s duration after S’ and S" as well as ~4-s duration after P’
at station B15 within the CF compliant zone. (d) Same as in (a) but teleseismograms recorded at Lines A and C. (e) Receiver
functions of teleseismograms at stations of Lines A, B and D. P” and S’ waves are followed by large amplitudes owning to P'FZTWs
and S'FZTW at stations within the CF compliant zone, but much lower amplitudes after P' and S' at stations outside the compliant
zone. P” and S” arrive at ~10s and ~14s, followed by large amplitudes of P"FZTW and S"FZTW.

Teleseismograms from Teleseismic Earthquakes Southwest of the Array Site

We further examine the data recorded at Lines A, B, C and D across the CF for a M6.7 teleseismic earthquake TE244
occurring at 38-km depth beneath Papua New Guinea Islands ~11,000 km (69.5°) southwest from the square array site in
California. P'and S' arrive at ~848 s and 852 s from the event origin time. Figs. 4a to 4d exhibit the recorded teleseismograms
and spectral amplitude contours, showing P'FZTW and S'FZTW with large-amplitude and long wavetrains with ~4-s and 7-
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8-s durations following P'and S' at stations located within the CF compliant zone but not at stations out of the zone. P’FZTWs
are visible in the vertical- and perpendicular-component seismograms from this shallow teleseismic earthquake with the ray-
path nearly perpendicular to the fault strike. The PSSP ratios of these FZTWs are 1.7-2. We also observe P"FZTW and
S"FZTW following the multiple-phases P" and S" as well as PSmS in the later coda in teleseismograms. Fig. 4¢ shows
receiver functions computed for teleseismograms recorded at stations of Lines A, B and C for this event. Large-amplitudes
in time windows of ~4-s and ~7.5-s after P” and S’ as well as their multiple phases in receiver functions at stations within the
CF compliant zone are interpreted owning to fault-zone trapped waves produced within the CF compliant zone when body
waves from the Moho enter its bottom. In contrast, lower amplitudes are in the same time windows after P' and S' at stations

outside the compliant zone. Similar observations for the multiple-phase P" and S".
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Figure 4. (a) Three-component teleseismograms recorded at Line B for a M6.7 teleseismic earthquake TE244, show P'FZTW and
S'FZTW with ~4-s and ~7.5-s durations following P' and S' on seismograms recorded at stations B9—B21 within the CF compliant
zone. The multiple-phase P" and S" are followed by P"FZTW and S"FZTW. The PSmS is notable in the later coda of
teleseismograms. X-axis is 40-s time. (b) Spectral amplitude contours of teleseismograms show large-amplitude FZTWs at 1-2 Hz
with ~7.5-s duration at on-fault station B15, but lower amplitudes with much shorter duration (<2-s) following S' at stations B1 and
B26 outside the compliant zone. (c) and (d) Similar to (a) and (b), but at Lines A, C and D. (e) Receiver functions of teleseismograms
at stations of Lines A, B and C for TE244.

> 64



H4RE% 5 TFE / NATURAL SCIENCE AND ENGINEERING

In the next example, Fig. 5 exhibits teleseismograms and their spectral amplitude contours for a M6.3 deep earthquake
TE276 occurring at 161-km depth beneath Solomon Islands, approximately 10,000 km (65.7°) southwest of the seismic array.
P-type trapped waves P’FZTW and P”FZTW with ~4-s durations following P” and P’ are more visible in vertical component,
while S-type trapped waves S’FZTW and S”FZTW with 7-7.5-s durations are more visible in horizontal components
ofteleseismograms, because the waves from this deep event arrive at stations nearly vertically. The PSSP ratios of these
trapped waves are 1.7-1.9. Receiver functions computed from teleseimograms recorded at partial stations of four lines for this
deep event show larger amplitudes in the time windows of ~3.5-s and ~7-s following P' and S' at stations within the compliant

zone, owning to trapped waves P'FZTW and S'FZTW produced by the fault LVWG when P’ and S” waves from the Moho

enter the bottom of CF compliant zone.
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Fig. 5 Similar as in Fig. 5, but teleseismograms recorded at Line B for teleseismic earthquake TE276. FZTWs with ~7-s post-S
duration in horizontal seismograms recorded at stations located within the compliant zone. Spectral amplitude contours of
teleseismograms at on-fault stations A15, C15 and D15 show large amplitudes of FZTWs. Receiver functions of teleseismograms
at stations within the CF compliant zone show large amplitudes in ~4-s and ~7.5-s windows following P' and S', owning to PFZTW

and S'FZTW. In contrast, lower amplitudes in the same time windows at stations out of the compliant zone.

Seismograms from Teleseismic Earthquakes Southeast of the Array Site

In the following two examples, we examine the teleseismograms recorded for teleseisnic earthquakes located south of
the array site with the ray-path parallel to the CF strike. Fig. 6 shows teleseismograms recorded at four lines of the square
array stop the CF for a M6.1 teleseismic earthquake TE272 with occurring at 53-km depth in South America, ~6,200-km
(55°) southeast of the CF array. Large-amplitude S-type trapped waves S'TFZTW and S"FZTW with ~7-s durations following
S'and S" appear in teleseismograms recorded at stations within the ~1-km-wide CF compliant zone, but not at stations out of
the zone. P-type trapped waves P'FZTW and P"FZTW with ~3.5-s durations are more visible in vertical- and parallel-
component teleseismograms because P-wave radiated from the source propagates along the fault line. Receiver functions

computed from the vertical- and parallel-component teleseismograms recorded at stations within the CF compliant zone of
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four lines show large amplitudes in ~3.5-s and ~7-s time windows following the P’ and S” waves, owning to P- and S-type
FZTWs produced within the fault LVWG. On the other hand, the lower amplitudes after the P- and S-arrivals in receiver

functions at stations outside the compliant zone because of no FZTWs approach these stations.
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Figure 6. (a) and (b) Parallel-component teleseismograms recorded at Line B for teleseismic earthquake TE272 show P-type and
S-type FZTWs with large amplitudes and ~4-s and ~7-s durations arriving at stations located within the ~1-km-wide CF compliant
zone. (c) Parallel-component teleseismograms recorded at Lines A, C and D for this teleseismic event show P'FZTWs and S'FZTW
at stations within the CF compliant zone. (d) Computed receiver functions of teleseismograms at Lines A, B, C and D show large
amplitudes in time windows of ~4-s and ~7-s after P' and S' and multiple-phase P" and S" at stations within the CF compliant zone,

but small amplitudes at stations outside the zone.

We finally examine teleseismograms recorded for a M6.8 teleseismic earthquake TE317 occurring at 548-km depth
in Bolivia, approximate 7900-km (78.9°) southeast of the array site in California, from which seismic waves travel along
the CF strike to the stations. Fault-zone trapped wave S'FZTW and S"FZTW with ~7-s duration following the P-S
converted S’ and its mutiple-phase S" in horizontal-component teleseismograms recorded at stations within the CF
compliant zone (Figs. 7a, b). While, only P'FZTW with ~4-s duration appears in the vertical-component seismograms
because the ray path from this deep teleseismic earthquake to the CF array is nearly vertical. Normalized spectral
amplitude contours of teleseismograms recorded at on-fault station B15 show large-amplitude P-type and S-type FZTWs
at 1-2 Hz with ~4-s and ~7-s durations, but weaker and much shorter (2-s) wavetrains at stations B1 and B26 outside the
compliant zone (Fig. 7c). Figs. 7d, 7e¢ show similar features of teleseismograms and speectral amplitudes at Lines A, C
and D. Fig. 9f shows receiver functions of teleseismograms recorded at partial stations of Lines A, B, C and D. Large-
amplitudes appear in time windows of ~3.5 s and ~7 s, respectively, following P' and S' as well as multiple-phase P" and
S" at stations within the CF compliant zone, owning to P-type and S-type fault-zone trapped waves produced within the
CF compliant zone. In contrast, much lower amplitudes are shown in the same time windows in the receiver functions of
teleseismograms recorded at stations outside the compliant zone.

In Figs. 2 to 7, we exhibit teleseismograms recorded at the square array installed at the Calico Fault at Mojave Desert
and their receiver functions for seven teleseismic earthquakes. show the consistent wavetrains with large amplitudes and
approximate 3.5-4 s and 7-8 s durations closely following the transmitting P* and P-to-S converted S* waves from the
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Moho discontinuity as well as their multiple-phase P” and S”. We interpret these large-amplitude long-duration
wavetrains to be a new-type of fault-zone trapped waves which arise from cohesive interference of reflected waves within
the LVWG formed by the CF compliant zone when P' and S' waves enter its bottom at certain depth in the upper crust.
Therefore, it is plausible to use these type FZTWs identified in teleseismograms to accurately depict the depth extension

of the CF compliant.
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Figure 7. (a) and (b) Three-component seismograms recorded at stations along Line B for teleseismic earthquake TE317.
Teleseismograms at stations located within CF compliant zone show FZTWs with long durarions following the P' and S' as
well as multiple-phase P'and S". (c) Normalized spectral amplitude contours of teleseismograms show large-amplitude FZTWs
at 1-2 Hz with ~3.5.-4-s and ~7-s durations at on-fault station B15, but lower amplitudes with shorter durations (<2-s) at stations
B1 and B26 out of the compliant zone. (d) and (e) Same as in (a)-(c) but at Lines A, C and D. (f) Receiver functions of
teleseismograms show large amplitudes appearing in time windows following P'- and S'-arrivals at stations within the CF

compliant zone, but much lower amplitudes at stations outside the zone.
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However, we need carefulness in measurement of the duration time of fault-zone trapped wave S'FZTW following
the S'-wave because its late portion might be overlapped by the early portion of P"FZTW following the multiple P" wave
in teleseismograms, although the amplitudes of SFZTWs are much larger than the amplitudes of P"FZTW. The time span
between arrivals of the S' and P" is only ~5 s while the duration of the S'FZTW is usually longer than ~6-7 s in our study,
Therefore, we use three-component teleseismograms in analysis. In practice, we focus on the horizontal-component
transverse to the ray-path between the teleseismic earthquake and the seismic array to measure the duration time of the
S'FZTW because the multiple trapped wave P"FZTW is weakest in this component.

3-D  FINITE-DIFFERENCE  SIMULATIONS of FZTWs IDENTIFIED IN
TELESEISMOGRAMS

in

We use a 3-D finite-difference code to compute synthetic teleseismograms. It is second order in time and fourth order
in space, and propagates the complete wave-field through an elastic media with a free surface boundary and spatially
variable anelastic damping Q (Graves, 1996; Vidale et al., 1985). The 160-160-640 element grid in x—y—z coordinates
with a grid spacing of 62.5 m to simulate a volume of 10 km in width, 10 km in length, and 40 km in depth. The CF
compliant zone is represented by a multi-layer low-velocity waveguide (LVWG) embedded at the center of this volume
in half space. Fig. 8 shows the model of P-wave velocities across the multi-layer LVWG, within which P and S velocities
are reduced by maximum 40-50% from surrounding-rock velocities with ~5% difference on two sides of the LVWG.
The LVWG is 1.5-km wide at the free surface, and becomes narrower with depth. The receiver line crosses
perpendicularly the LVWG at the free surface. Plane waves with P-motion coming from teleseismic earthquakes at
various azimuth directions and incident angles to the Moho interface between the crust and mantle. For 62.5-m grid

spacing in the model and the minimum wave velocity 0.75 km/s within the LVWG, the maximum frequency of synthetic
seismograms is 3-Hz.

(a) Seismic Array (b) 1 zVELOnygkﬂgfs)y . (c)  P-wave Velocity Model
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Figure 8. (a) Schematic diagram illustrates ray-paths of the first-arrival P wave from a teleseismic earthquake and transmitting
P’ and converted S’ at the Moho discontinuity at 30-km depth. P* and S’ waves enter the bottom of a multi-layer LVWG (brawn
color rectangular) to produce trapped waves P-FZTW and S-FZTW within it, and recorded at stations (triangles) atop the
LVWG. (b) 1-D P- and S-velocities beneath Mojave Desert represent surrounding-rock velocities of the CF compliant zone.

(c) The model of P-wave velocities across the CF compliant zone represented by a multi-layer LVWG within which velocities
are reduced by maximum 40-50% from wall-rock velocities.
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Fig. 9 exhibits 3-D finite-difference synthetic teleseismograms using the basic model of Fig. 10c, in which the LVWG
is truncated at 8 km and 16 km in the upper crust, respectively. The P-type and S-type FZTWs with large amplitudes and
long durations (waveform amplitudes are above twice the background noise level) arrive at stations within the 1.5-km
wide LVWG. The P-type FZTWs are observable in vertical- and radial-component seismograms. Duration times of P-
type and S-type FZTWs produced by an 8-km-deep LVWG are 4 s and 7 s, but are 7 s and 13-14 s produced by a 16-km-
deep LVWG. The duration times of synthetic P- and S-type FZTWs produced by the 8-km-deep LVWG are most likely

consistent with observations.

Synthetic Teleseisms for Fault-Zone depth 8km, width 1.5km, epicenter 10km
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Figure 9. 3D Finite-difference synthetic profiles of three-component teleseismograms across the fault compliant zone using
the model in Fig. 10c with a LVWG extending to (a) 8-km and (b) 16-km depths for plane waves hitting the Moho in the
direction sub-perpendicular to the fault strike and at 60° incident angle to the Moho. Seismograms have been <3 Hz filtered.
First-P and P-to-S converted waves arrive at ~5 s and ~9 s. P- and S-type FZTWs with large amplitudes (in boxes) and long
durations (marked by black bars and measured times) appear at stations within the 1.5-km wide LVWG (marked by the vertical
black bar).

We further tested the basic model in Fig. 8c with a 1-km-wide LVWG extending to various depths of 4 km, 8 km and
12 km, respectively. Fig. 10a illustrate synthetic three-component teleseismograms. FZTWs with large amplitudes and
long wavetrains follow P and S waves at stations within the LVWG, but do not appear at stations out of the waveguide.
S-type FZTWs are dominant in three-component teleseisms. P-type FZTWs are observable in vertical- and radial-
components, but not clearly seen in the component transecting the wave propagation direction. The durations of P-type
and S-type FZTWs increase from 3.5 s though 4 s to 4.5 s and from 6 s through 7.5 s to 9 s, respectively, as the LWVG
depth extension increases from 4 km through 8 km to 12 km, because FZTWs travel a longer distance within the deeper
LVWG. Fig. 10b shows spectral amplitudes of synthetic teleseismograms at station located at the center of the LVWG
which extends to 4 km, 8 km and 12 km, respectively, show large-amplitudes and 3.5-4.5 s durations of P-type FZTW

69 «



22 AR EEE / ACADEMIC PERSPECTIVES

and 6-9.5 s durations of S-type FZTW. P-type FZTWs appear only in the vertical-component seismograms. The durations
of trapped wavetrains increase with the depth extension of the LVWG. The duration times of synthetic P-FZTWs (~4 s)
and S-FZTWs (~7.5 s) produced by the 8-km-deep LVWG are mostly consistent with those observed in Figs. 2 to 7,
suggesting that the Calico fault compliant zone likely to extend to a depth of approximately 8 km.

Finally, we compute 3D finite-difference synthetic seismograms using the velocity model having an 8-km-deep
multi-layer LVWG shown in Fig. 10c to match teleseismograms recorded for three teleseismic earthquakes TE288 and
TE244 occurring west of the CF array site, and TE317 south of the site. In modeling for TE288 and TE244, we assume
plane waves with P-motion hit the Moho at 30-km depth with the azimuth angle 75° (sub-perpendicular to the fault strike)

and incidence angle 60°. For TE371, we assume P-motion with the azimuth angle 15° (sub-parallel to the fault strike)

and sub-vertical incidence angle 75°. Fig. 10c shows P-type and S-type fault-zone trapped waves P'FZTW and S'FZTW
with ~4-s and ~7.5-s durations closely following P” and S', respectively, in both observed and synthetic teleseismograms
arriving at stations between B9 and B20 located within the ~1-km-wide CF compliant zone for these teleseismic
earthquakes. In contrast, no such large-amplitude and long-duration wavetrains recorded at stations out of the CF
compliant zone. We interpret that when the P’ and S’ waves from the Moho discontinuity sub-vertically enter the bottom
of compliant zone at 8-km depth, FZTWs arise from constructive interference of multiple-reflection within the CF
compliant zone, and recorded at the stations located within the CF compliant zone at the ground surface. Synthetic
multiple-phase P and S arrive at ~10 s after P’ and S’, respectively, and are closely followed by secondary trapped
waves P’FZTW and S”FZTW, which show smaller amplitudes than P’FZTW and S’FZTW due to wave attenuation

caused by low Q fault rocks and the reflection coefficient at the ground surface and the Moho discontinuity.

Fig. 10d exhibits receiver functions computed from deconverlation of the radial and vertical components of synthetic
teleseismograms at partial stations of Line B located within and out of the CF compliant zone for teleseismic earthquake
TE272 shown in Fig. 12¢. The P’ and P-to-S converted wave S’ from the Moho in receiver functions (color curves) arrive
at 0 s and ~4 s on x-axis. The multiple-phase P and S" arrives at ~10 s and ~14 s. Receiver functions at stations located
within the CF compliant zone show large amplitudes in ~4-s and 7.5-s-long windows after the P’ and S' waves (in blue
and red boxes), respectively. They are interpreted to be owing to P-type and S-type trapped waves P’FZTW and S'FZTW
produced within the multi-layer LVWG when P’ and S' waves enter its bottom at ~8-km. Similarly, large amplitudes
appear after multiple-phase P” and S” arrivals in receiver function curves at stations within the CF compliant zone,
owning to secondary fault-zone trapped waves P”’FZTW and S”FZTW recorded at these stations although their
amplitudes smaller than those following P’ and S’ due to wave attenuation over the longer distance within the low-Q
fault zone. In contrast, receiver functions at stations out of the LVWG show low amplitudes after the P' and S' because
FZTWs do not appear at them, as shown in theoretical waveforms of the receiver function by modeling the amplitude
and timing of P' and S' waves and their multiples waves (Fig. 3e). The receiver functions computed from synthetic
teleseismograms are consistent with those from teleseismograms recorded at stations within the CF compliant zone,
providing the further constraint to its depth extension to ~8-km.

Synthetic waveforms developed from our preferred velocity model in Fig. 10c are in general agreeable with
observations for this teleseismic earthquake, suggesting that the depth extension of the CF compliant core zone with
velocity reduction of 40-50% is approximately 8 km. The value is likely ~2 km greater than the depth extension (~5-6
km) of the Calico fault compliant zone imaged by Cochran et al. (2009). Nevertheless, the finite-difference simulations
of FZTWs udentified in teleseismograms recorded for seven teleseismic earthquakes in Fig. 1d and Table 1 provide a
primary constraint on the depth extension of the CF compliant zone beneath Mojave Desert. Since the depth extension
and the velocity reduction within the compliant zone are trad-off in the trial-and-error forward modeling, a systematic
simulation of teleseismograms recorded at the CF for more teleseismic events with different incident angles to the CF
seismic array will provide further constraints on the true depth extension of the CF compliant zone.
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Figure 10. (a) 3D Finite-difference synthetic teleseismograms (1-3 Hz) along the cross-fault line, using the model in Fig. 10c
with a LVWG extending to various depths of 4 km, 8 km and 12 km. Duration times of synthetic P-FZTWs (4 s) and S-FZTWs
(7.5 s) produced by the 8-km-deep LVWG are consistent with observations. (b) Spectral amplitude contours of synthetic

teleseismograms (see left) at stations within the CF compliant zone show that FZTW duration times increase with the LVWG
depth extension. (c¢) Observed (red) and synthetic (blue) teleseismograms (<3 Hz) at Line B for teleseismic earthquakes TE288,
TE244 and TE272. P’FZTWs with ~4-s duration following the P’ and S’FZTWs with ~7.5-s duration follow the S” wave at
stations within the 1-km-wide CF compliant zone. (d) Receiver functions (color curves) of synthetic teleseismograms at stations
ST10 and ST13 (in red and blue colors) within, and ST03, ST22 and ST26 (in green, yellow and cryn colors) out of the CF

fault damage zone, respectively, for teleseismic earthquake TE272.

CONCLUSION AND DISCUSSION

Finite-difference methods have been employed to synthesize FZTWs arising from near-surface explosions and local
earthquakes for fault models (e.g., Li and Vidale, 1996; Li and Malin, 2008; Li et al., 1994b, 2002, 2003, 2004, 2021;
Igel et al., 2002; Ellsworth and Malin, 2021). In this article, we introduce a new-type of FZTWs. When the primary P-
wave from teleseismic earthquakes strikes the Moho discontinuity, the transmitting P-wave and P-to-S converted wave
may enter the bottom of CF compliant zone sub-vertically at certain depth, and are reflected at the boundaries of the low-
velocity compliant zone and high-velocity surrounding rocks to produce the FZTWs due to cohesive interference. These
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waves are recorded at the dense seismic array atop the Calico fault zone and capable to provide more unprecedented
constraints on the depth extension of fault damage structure at seismogenic depth where there is lack of coverage of
waves generated by explosions and local earthquakes at shallow depths.

Recently, 3-D finite-difference full-waveform simulations in terms of a depth-dependent multi-layer fault zone low-
velocity waveguide (LVWG) show the complexity in analysis and interpretation of FZTWs recorded at realistic fault
zones (Li, 2025). The synthetic FZTWs show multiple amplitude peaks in their long wavetrains. The earlier portion of
these FZTWs with the larger amplitude peak at lower frequency is most likely produced by cohesive interference of
reflected waves within the upper layer of the fault damage zone with slower velocities, while the later portion of FZTWs
with smaller amplitude peaks at higher frequencies might arise from the lower layers with relatively faster velocities.
Even if a source is located out of the fault damage zone, large-amplitude FZTWs could be produced within its upper
layers as long as the source depth is below the bottom of the upper layers. these FZTWs show shorter post-S durations
than those for the source located at the same depth within the deep portion of the fault damage zone. However, such type
of FZTWs with large amplitudes but short post-S durations are usable to characterize the upper portion of the fault

damage zone, but it might lead to underestimate the depth extension of fault damage zone.

The data recorded at the dense array of 100 three-component seismographs deployed atop the Calico fault in the
central Mojave Desert, Southern California, provide us a good opportunity to detect the seismic phases closely following
the first-arrival P wave from teleseismic earthquakes because the seismic array worked in continuous recording mode at
an extremely quiet site for six months. In this paper, we show teleseismograms recorded at four cross-fault seismic lines
A, B, C and of the square array for seven teleseismic earthquakes with magnitudes M>6 and occurring at distances of
~400-800 great circles (approximate 5,000-11,000 km) to the Calico seismic array site. Both P-type and S-type FZTWs
closely following the transmitting P-wave and P-to-S converted wave at the Moho discontinuity as well as their multiple-
phases between the ground surface and Moho are identified in teleseismograms recorded at stations located ~1-km-wide
CF compliant zone which forms a low-velocity (by 40-50% reduction) multi-layer waveguide (LVWG) to trapped
seismic waves within it. In the 3-D finite-difference simulations of this type of FZTWs, we assume the P and converted
S waves as plane-waves entering the bottom of the LVWG formed by CF compliant zone that extends from the ground
surface to various depths. The synthetic FZTWs with large amplitudes and long-durations in terms of the model having

an 8-km-deep LVWG are mostly agreeable with observations.

Our observations and numerical modeling of the FZTWs identified in teleseismograms are further confirmed by
receiver-functions of teleseismograms recorded at stations located within the CF compliant zone. Large amplitudes
closely following the transmitting P-wave and converted S- in receiver-functions are interpretated to be owing to FZTWs
which are produced within the LVWG of the CF compliant zone when the body waves coming from the Moho
discontinuity enter it. These FZTWs are capable to provide more unprecedented
constraints on the depth extension of fault damage zone, beyond approach of waves generated by explosions and local
earthquakes at shallower depths. A permanent damage zones on the Calico fault at seismic depth may play a critical role
in development and dynamics of faults, intensity of ground motion, and earthquake hazards along the low-velocity fault

zone due to its waveguide effect.
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ABSTRACT

Natural disasters continue to impose severe human, economic, and infrastructural losses worldwide. Among these
hazards, earthquakes remain uniquely destructive due to their sudden onset and potential to trigger cascading failures
across transportation networks, water and power systems, telecommunications, and healthcare services. In response, the
concept of community resilience has emerged as a foundational principle for disaster risk reduction and sustainable urban
development.

This paper provides a comprehensive examination of community resilience, including its theoretical underpinnings,
multidimensional characteristics, and relationship to the disaster management cycle. Particular emphasis is placed on
engineering resilience, lifeline protection, emergency preparedness, and community engagement. The City of Los
Angeles is presented as a case study illustrating how resilience principles can be operationalized through public policy
and engineering initiatives, notably the Resilience by Design program. The paper concludes with recommendations for

governments, engineers, planners, and citizens seeking to strengthen resilience in hazard-prone regions.

INTRODUCTION

The frequency and severity of natural disasters have increased markedly in recent decades, driven by rapid
urbanization, aging infrastructure, population growth, and climate-related hazards. Earthquakes, in particular, pose
significant risks to modern cities due to their unpredictability and capacity to disrupt interconnected lifeline systems.

California, situated along the Pacific Ring of Fire, is among the world’s most seismically active regions. Major faults
such as the San Andreas Fault are capable of producing catastrophic earthquakes that threaten millions of residents and
critical infrastructure.
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Although earthquakes cannot be prevented, advances in engineering, earth sciences, urban planning, and emergency
management have substantially improved society’s ability to reduce disaster impacts. Contemporary disaster risk
reduction emphasizes not only response but also the development of communities capable of resisting, adapting to, and
rapidly recovering from disruptive events. Community resilience has therefore become a central objective of modern

disaster management.

UNDERSTANDING COMMUNITY RESILIENCE

Definition

The United Nations International Strategy for Disaster Reduction (UNISDR, 2009) defines resilience as:
“The ability of a system, community or society exposed to hazards to resist, absorb, accommodate to, and recover from
the effects of a hazard in a timely and efficient manner, including through the preservation and restoration of its essential
basic structures and functions.”

This definition underscores several core elements: resistance, absorption, adaptation, rapid recovery, continuity of
essential services, and post-event improvement. Resilience is thus a dynamic, iterative process rather than a static
condition.

Dimensions of Resilience
Scholars commonly conceptualize resilience as comprising multiple interdependent dimensions:

*  Physical resilience — robustness of buildings and infrastructure

e Social resilience — community cohesion, education, and health

*  Economic resilience — diversity, stability, and continuity of economic activity
*  Environmental resilience — natural systems that mitigate hazards

* Institutional resilience — governance, policy frameworks, and organizational capacity

Together, these dimensions determine a community’s ability to withstand and recover from disasters.

IMPORTANCE OF COMMUNITY RESILIENCE

Earthquakes and other disasters produce impacts that extend far beyond physical damage. Consequences may
include:

e Lossoflife

e Structural collapse

» Lifeline disruption

*  Business interruption

* Long-term economic decline

*  Psychological trauma
Communities that invest in resilience consistently demonstrate:

¢ Reduced fatalities

e Lower reconstruction costs
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Faster economic recovery
Increased public trust

More sustainable development trajectories

THE DISASTER MANAGEMENT CYCLE

The disaster management cycle comprises four interconnected phases.

Mitigation

Mitigation aims to reduce future losses before hazards occur. Key measures include:

Engineering-based mitigation often yields the greatest long-term economic benefits.

Seismic building codes

Structural and non-structural retrofits
Land-use regulation

Slope stabilization

Flood protection

Lifeline strengthening

Preparedness

Preparedness enhances readiness for emergency conditions through:

Emergency planning
Public education
Earthquake drills
Emergency supply storage
First-responder training

Early warning systems

Prepared communities respond more effectively under stress.

Emergency Response

Immediately following a disaster, priorities include:

Search and rescue
Medical care

Fire suppression
Emergency shelter
Damage assessment

Utility restoration

Effective interagency coordination is essential for minimizing losses.
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Recovery
Recovery encompasses both short-term and long-term activities:
e Infrastructure reconstruction
*  Housing recovery
*  Economic revitalization
*  Mental health support
*  Updating codes and standards

* Incorporating lessons learned

Recovery should aim to “build back better,” enhancing resilience rather than restoring pre-disaster vulnerabilities.

CHARACTERISTICS OF RESILIENCE COMMUNITIES

According to ARUP (2011), resilient communities exhibit several defining characteristics.

Knowledgeable and Healthy Citizens
Public awareness and participation strengthen:
* Risk perception
*  Household preparedness
*  Emergency response capability

* Recovery effectiveness

Effective Organization
Resilient communities benefit from:
+  Strong leadership
*  Clear roles and responsibilities
*  Coordinated emergency plans

» Efficient decision-making structures

Social Connectivity
Social cohesion facilitates:
*  Resource sharing
*  Volunteer mobilization
*  Rapid communication
e Mutual aid

Reliable Infrastructure
Critical infrastructure systems include:
»  Transportation networks

*  Water supply systems
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*  Electric power systems
*  Telecommunications

* Hospitals and emergency facilities

Infrastructure resilience ensures continuity of essential services.

Economic Strength
Economic resilience is supported by:
*  Diverse employment sectors
* Financial reserves
» Insurance coverage

*  Business continuity planning

Environmental Stewardship
Healthy natural systems contribute to:
*  Flood mitigation
*  Slope stability
*  Water resource protection

*  Ecosystem resilience

ENGINEERING CONTRIBUTIONS TO RESILIENCE

Engineering plays a foundational role in reducing disaster risk. Key responsibilities include:
«  Earthquake-resistant structural design

*  Geotechnical hazard evaluation

*  Foundation engineering

« Lifeline system protection

*  Seismic retrofitting

e Performance-based design

e Quantitative risk assessment
Geotechnical engineers, in particular, assess hazards such as liquefaction, landslides, fault rupture, settlement, and
foundation performance—critical factors in reducing seismic risk before construction.

Modern engineering increasingly emphasizes system-level resilience, recognizing that infrastructure networks must

function collectively during and after disasters.

THE CITY OF LOS ANGELES RESILIENCE BY DESIGN PROGRAM

Los Angeles has emerged as a global leader in seismic resilience. Guided by the Mayoral Seismic Safety Task Force,
the City launched the Resilience by Design program (2014) to:
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¢ Protect lives
«  Strengthen emergency response
e Accelerate recovery

e Safeguard regional economic stability

The Task Force identified four major vulnerabilities:
e Older concrete buildings

e Soft-story buildings

e Water infrastructure

*  Telecommunications systems

Building Strengthening

Building collapse is the primary cause of earthquake fatalities. Los Angeles enacted mandatory retrofit ordinances
targeting:

e Soft-story residential buildings

*  Non-ductile reinforced concrete buildings

Complementary initiatives include seismic safety ratings, business continuity programs, and mandatory reconstruction

following severe damage.

Water System Resilience
Water systems are essential for firefighting, public health, and recovery. The City’s strategy includes:
*  Alternative firefighting water systems
*  Aqueduct reinforcement
*  Expanded storage capacity
*  Local water development
*  Seismic-resilient pipe networks

»  Long-term planning for system reliability

Telecommunications Resilience
Reliable communication is critical for emergency coordination. Los Angeles has prioritized:
* Internet continuity
*  Cellular tower protection
»  Backup communication systems

»  Earthquake early warning technologies

LADWP Water System Resilience Program
LADWP has implemented a comprehensive seismic resilience strategy involving:
* A dedicated resilience task force

+  System-wide seismic evaluations
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e Continuous monitoring of critical assets
*  Resilient pipe network development

e Enhanced water storage

*  Expanded emergency water supplies

* Improved emergency response capability

Representative projects include installation of earthquake-resistant pipelines and retrofitting tunnels that cross active faults.

EMERGING TECHNOLOGIES

Future resilience efforts will increasingly rely on advanced technologies such as:

*  Artificial Intelligence (AI)

e Internet of Things (IoT)

*  Structural Health Monitoring

*  Remote Sensing

*  Geographic Information Systems (GIS)

*  Digital Twins

*  Unmanned Aerial Vehicles

e Satellite Monitoring

These tools enhance real-time monitoring, hazard assessment, and decision-making across all phases of disaster

management.

FUTURE CHALLENGES

Despite progress, significant challenges remain:
e Aging infrastructure

e Climate change

*  Population growth

e Limited funding

e Increasing infrastructure interdependence

*  Cybersecurity risks

*  Social inequality

Addressing these challenges requires sustained investment, scientific innovation, and coordinated public policy.

RECOMMENDATIONS

To strengthen community resilience, stakeholders should:

*  Continue improving seismic building codes
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e Accelerate infrastructure retrofit programs

*  Expand public education and preparedness initiatives
*  Enhance regional emergency coordination

e Develop resilient lifeline systems

* Integrate advanced monitoring technologies

*  Promote interdisciplinary collaboration

* Increase investment in resilience research

*  Encourage private-sector continuity planning

»  Foster a culture of resilience across society

The Chengdu Declaration’s five-point action strategy (UNISDR, 2011) remains a valuable framework for ongoing

implementation.

CONCLUSION

Community resilience represents one of the most critical challenges in contemporary disaster management. Achieving

resilience requires coordinated efforts among governments, engineers, scientists, businesses, and citizens.

The City of Los Angeles demonstrates that proactive planning, mandatory seismic retrofits, lifeline strengthening, and
community engagement can significantly reduce earthquake risk. As natural hazards continue to threaten rapidly urbanizing
regions, resilience must become an integral component of sustainable development.

Ultimately, a resilient community is one that not only withstands disasters but also adapts, learns, and emerges stronger.

Investing in resilience today protects lives, preserves economies, and ensures a safer future for generations to come.
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ABSTRACT

Sustainability in environmental site remediation has become a new focus of discussion lately. There are 3
components in the definition of sustainability: (1) to consider environmental, economic, and social factors, (2) to have
clear benefits when doing site remediation, and (3) to make balanced decisions between environmental protection and
economic growth. The concept of sustainability may mean energy and resource conservation, less emission to the
environment, use of green technology, maintaining human health and safety, reducing environmental risk, climate change
consideration, cost-effectiveness, and public acceptance. This paper conducts a sustainability analysis of each common
site remediation method, such as soil vapor extraction and in-situ treatment. Each remediation method’s advantages and
disadvantages in terms of sustainability are discussed. The paper also presents a cost analysis based on 179 closed
underground storage tank cleanup sites in the Los Angeles area. Finally, the paper presents a case study of a soil reuse
site where petroleum-impacted soil was reused after remediation as a mix of road pavement material.

Keywards: Sustainability; environmental remediation; brownfield; site cleanup methods; soil vapor extraction;
cost analysis; environment; economic; social factors

DEFINITION OF SUSTAINABILITY

Sustainability in environmental site remediation has become a new focus of discussion lately (e.g., Hadley et.al.
2015). According to the definition from Wikipedia, the sustainability of environmental site remediation is defined as
“the practice of demonstrating, in terms of environmental, economic and social indicators, that the benefit of undertaking
remediation is greater than its impact, and that the optimum remediation solution is selected through the use of a balanced
decision-making process.”

Another definition can be seen in Ellis and Hadley (2009), as “. . . sustainable remediation is broadly defined as a
remedy or combination of remedies whose net benefit on human health and the environment is maximized through the
judicious use of limited resources.”

These two definitions show commonality and similarity. To summarize, there are 3 components in the definition:
(1) to consider environmental, economic, and social factors, (2) to have clear benefits when doing site remediation, and

(3) to make a balanced decision between environmental protection and economic growth.
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In site remediation industry terms, the concept of sustainability may mean energy and resource conservation, less
emission to the environment, use of green technology, maintaining human health and safety, reducing environmental
risk, climate change consideration, cost-effectiveness, and public acceptance.

Figure 1 shows the relationship among the environmental, economic, and social elements. As seen in the figure, in
order to be sustainable, these three elements need to overlap. Overemphasizing one factor over others will only cause
problems down the road. For example, overemphasizing environmental remediation will negatively impact economic
growth. Our way of living in society will be impacted by environmental pollution and also low economic growth.
Therefore, a balanced decision in setting the cleanup goal is necessary between environmental cleanup and economic
development. For example, how to set up a remedial goal is a method involving these 3 factors. To do so, new
technologies and limited resources should be considered. To clean up to a non-detect level or background level is
certainly an ideal goal for site remediation. However, to remove low concentrations from the environmental media like
soil or groundwater is technically challenging and not very cost-effective. Therefore, the goal of non-detect may not be
sustainable. If the cleanup site is located in a very populated residential area, then the remedial goal should be more
stringent than otherwise in a remote area. A balanced decision in setting up environmental site remediation goals is the

key to sustainability.

Environment Vible Economic

Figure 1. Relations in sustainability (Arulanantham 2018
In summary, balancing the environmental, economic, and social factors is like a string to hold all factors, as
demonstrated in Figure 2 below. Case-specific consideration will determine the percentage of each factor, e.g., the

economic factor may need 50% of the fraction for a site.

Figure 2: Balancing the three factors

Economic Social
33% 33%

Figure 2. Balancing the three factors
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BROWNFIELD OVERVIEW AND DEFINITION

The term “brownfield” in the US is used to describe abandoned land where no grass grows (compared to a “green
field”). The definition of brownfield is that a property, its expansion, redevelopment, or reuse is hindered by
environmental pollution or impact. Any program that is created and associated with investigating and remediating
brownfield sites is called a “Brownfield program.” In the US, approximately 450,000 sites that used to be commercial
and industrial sites were abandoned due to environmental impact (USEPA 2016). To revitalize the economy, those
brownfield sites need to be remediated to get environmental clearance and closure, and then brought back to productive
use of the land. The remediation of brownfield or any other kind of contaminated sites should also be considered under
the regional surface watershed management. This is because some cleanup methods or activities may or may not be
positive to entire watershed management, especially in urbanized areas where impacted sites are concentrated, and
remediation methods may demand more resources and energy. To remediate those brownfield sites, various remediation

methods must be evaluated. During the evaluation, the sustainability of each method should also be analyzed.

REMEDIAL METHODS SUSTAINABLE ANALYSIS

Table 1 below shows site remediation method mentality over time. In the 1960s (about 60 years ago), when talking
about site cleanup, actions were to discard any waste to get out of sight and get out of mind. In the 1990s (about 30 years
ago), the regular site cleanup methods were either to dig out the contaminants, pump them out, bury them, or send them
to incinerators to burn them out. In this period, many kinds of treatment methods were developed. Now, new technologies
of treatment methods are still developing and more and more remediation methods are developed with considerations of
recycling, reusing, and using natural attenuation and bioremediation. The new consideration, or more “green” mentality
in site remediation, is more or less to pursue energy conservation, less emissions, and cost-effectiveness, which is more
sustainable.

Whether a remedial method is sustainable depends upon the analysis if it is effective and efficient. This section will
analyze common environmental site remediation methods in terms of each method's advantages and disadvantages in the

perspective of sustainability. More detailed discussions of these remedial methods can be seen in Rong (ed.) (2018).

Table 1: Site Remediation Method Evolvement

60 years ago 30 years ago Now
Discard Dig Recycle
Pump Reuse
Bury Natural
Burn Attenuation
Biodegradation

The following methods are discussed:
e Soil excavation
e Groundwater pump and treat
e Soil vapor extraction
e  Thermal enhancement

e Dual-phase extraction and air sparging

85 «



2R JEEE / ACADEMIC PERSPECTIVES

e In-situ treatment: chemical and biological
e  Monitoring natural attenuation

e Phytoremediation

e Permeable Reactive Barriers (PRBs)

e Vapor barrier installation

Soil excavation

Soil excavation is to remove contaminated soil and dispose of it (Figure 3). It is good for a quick solution, particularly for
sites to be re-developed soon. The advantages of soil excavation also include completeness of the removal of a pollution source
area, and good for fine-grained materials where soil vapor extraction or in-situ injection does not work effectively. The
disadvantages of soil excavation include cost, interruption to the site business, limited to the open area for operation, and usually
not used for removing deep soil contamination. Ultimately, excavation does not destroy the contaminants; in some cases without

treatment, it simply transfers them from one place to another.

Figure 3. Soil excavation site.

In summary, soil excavation is
o tobe used as a quick solution for redevelopment
o abetter choice for fine-material soils
O remove contamination sources
o usually costly
o Interruptive

Groundwater pump and treat

Groundwater pump and treat (P&T) involves pumping underlying groundwater to the surface for treatment (Figure 4).

After groundwater is pumped to the surface, many physical, chemical, and/or biological methods can be used to treat and
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remove pollutants. It is more effective to remove soluble contaminants, such as hexavalent chromium and perchlorate. As
existing dissolved contaminants are removed by groundwater pumping, more contaminants will enter the groundwater by
desorbing, dissolving, precipitating, and/or diffusing in aquifer materials. As the remediation progresses, contaminant
concentration gets lower and lower, and the massrecovery reaches an asymptotic level. If the treatment goal is not achieved
before this asymptotic level, this treatment method becomes less cost-effective. The post-treated water is generally either
discharged to the sewer system or re-injected back to the aquifer to conserve water resources.

The advantages of P&T method include the choice of many cleanup methods to treat particular contaminants of interest,
and it can be less disruptive to the onsite operation and business. The disadvantages are costly, and it may not conserve water

resources if discharging to sewer or surface water. It also may not be a good choice to treat low concentrations of contaminants.

Unsaturated Zone

AT

Unconfined
Saturated Zone (S;aml and

>— Confining
Layer
Bedrock

Figure 4. Schematic of groundwater pump and treat

In summary, groundwater pump and treat (P&T) is
to allow more choice of treatment methods
less interruptive
usually costly
waste water resources if not reinjected back to aquifer

not cost-effective for low concentration site

o O O O O O

need large area for treatment system construction

Soil vapor extraction

Soil vapor extraction (SVE) uses vacuum power to extract the vapor phase of volatile contaminants in soil (Figure 5). It is
effective in coarse-media soil and volatile contaminants, and can be operated continuously over time until it is complete. The
cost is moderate. Like groundwater P&T, the contaminant mass removal rate of SVE diminishes as treatment progresses, and
the vapor concentration will also show rebound after it stops. Unlike groundwater P&T, treatment options for the SVE process
are limited to those for volatile organic constituents. Commonly used vapor treatment options include granular activated carbon
(GAC), catalytic oxidation and thermal oxidation. Extracted soil vapor needs to be treated to remove contaminants before being
discharged to the atmosphere, which may require an extensive air quality permitting process, which can be a disadvantage of
SVE technology. In addition, other disadvantages of SVE include that it may be ineffective in fine-grained soil, it usually
requires a sizeable compound for the system and equipment, and it can be very noisy in a residential neighborhood.
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Figure 5. Schematic of soil vapor extraction.

In summary, Soil vapor extraction (SVE) is
effective in coarse materials

moderate cost

rebound concentrations

ineffective in fine-grained soil

needs a large area for constructing equipment and system

o O O O O O

noisy

Thermal enhancement

Thermal enhancement uses heat to encourage more volatilization in the subsurface for volatile compound removal (Figure
6). This method is usually used in conjunction with soil vapor extraction (SVE). In addition to the vadose zone, thermal
enhancement can also be applied in saturated zone contamination. The advantages of thermal-enhanced SVE are that it is
effective for the heating method used for tight soils where SVE does not work effectively, and it is also effective for semi-volatile

contaminants, which may be difficult for soil vapor extraction to work effectively under ambient temperature conditions.

Figure 6. Soil heating probe
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Another advantage of thermal treatment is to accelerate the cleanup in soil or groundwater. The disadvantage of the heating
method is energy consuming, and therefore costly. Thermal treatment is normally the preferred method for sites with expedited

redevelopment plans and ample financial resources. Due to heat transport in the soil media, thermal enhancement may have
only a limited impact area.

In summary, thermal enhancement method is
good for fine materials

treating semi-volatile contaminants
accelerating cleanup (shorten time frame)
energy consuming

usually costly

o O O O O O

interruptive

Dual-phase extraction and air sparging

Dual-phase extraction and air sparging are used to extract vapor and dissolved phases of contaminants, or sometimes
NAPL, and to use air injection to the subsurface to encourage volatilization (Figure 7). The advantage of multi-phase
extraction is to clean up multiple phases of pollutants at one location. It works well for pollutants distributed in the capillary
fringe, which is a difficult area to remediate. Like soil vapor extraction, it can run continuously over time until it is complete.
Its disadvantage is to have a too complicated system in piping and engineering units and to take a lot of surface space for the

operating units. Sometimes it may not work well without a clear understanding of the different phases of pollutant distribution
in the subsurface.
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Figure 7. Schematic of dual-phase extraction (left) and air sparging (right).

In summary,

o effective in coarse materials, and multi-phase in the capillary fringe
o moderate cost

o complicated system in engineering construction

o

noisy
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Chemical and biological In-situ treatment

Chemical and biological In-situ treatment involves injecting chemical and biological agents into the impacted area or
zone to allow chemical or biological processes to remediate contamination (Figure 8). The advantage of in-situ injection is
to conserve water resources. It is not necessary to pump the water out of the aquifer and then put it back in. Another advantage
for in-situ injection is low cost. The disadvantage of in-situ injection is that it is difficult to monitor the effect of the in-situ

injection, which may only have very limited impact around the injection points.

Figure 8. schematic of In-situ injection.

In-situ chemical injection method may work very effectively to reduce the residual concentration as a polishing step after
a major physical removal method. However, this method may not be effective to treat very high concentration pollution
plumes, such as those in NAPL sites. The biggest concern for the biological injection method is adding bacteria or other
microbial species to the water resources. Bacteria injection is not like chemical injection. Chemicals will eventually be
diluted in the environment after stopping injection. However, bacteria can grow exponentially even after stopping injection.
It is a challenge to control the unwanted growth and just have the bacteria consume and destroy pollutants. It is hoped to
have the right species that is not harmful to human beings, but can be effective to remediate the contamination. In the
meantime, controlling the scale and quantity of the biological materials to be injected can be done to minimize potential
impact on humans.

In summary, chemical and biological In-situ treatment is
low cost
less interruptive
water conservation
good for the polishing stage in remediation
impact area of injection may be small
may not be effective to treat high concentrations

hard to verify results

O O O O O O O O

biological agent concern
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Monitoring natural attenuation

Monitoring natural attenuation (MNA) is to monitor reduction of contaminant concentrations by natural means. This is
not an active remedial method. As seen in Figure 9, the natural attenuation parameter monitoring is not always that
straightforward; sometimes it is not very clearly indicative. Therefore, one should use multiple lines of evidence to make a
judgement to see if the natural attenuation is indeed a possibility in the subsurface environment. The multiple lines of evidence
may include the trend of concentration and mass, the geochemistry parameters (e.g., Fe2+, nitrate), and new technologies like
isotope and DNA techniques. The type of contaminants, the subsurface environment, the maximum concentration and
distribution, the contamination history, and the estimate of total discharge to the subsurface should also be evaluated in the
framework of monitoring natural attenuation. The advantages of the natural attenuation method are economical, good for the
polishing stage after active remediation,
desirable for project cost-prohibitive, at a polluted site that is not completely accessible, or other remedial methods may not
be feasible. The disadvantages are it is slow, may not work in site-specific conditions, and monitoring may become costly

over time.

Matural Attenuation Analytes - MW-11

Figure 9. Monitoring natural attenuation geochemistry parameter trend.

In summary, monitoring natural attenuation (MNA) is

low cost

good for physically constrained and not accessible sites
good for the polishing stage of remediation

less interruptive

may be slow to see the result

difficult to verify results

O O O O O O O

monitoring for a long time may cause increasing cost

Phytoremediation

Phytoremediation uses natural living green plants to remove, degrade, or break down the soil and/or groundwater
contaminants in-situ (Figure 10). This method depends more upon species-specific characteristics, soil medium, and
type of pollutants. Green plants' intake may or may not be discriminatory to different types of pollutants, for example,

metals or organics. The advantage of phytoremediation is the low cost in most situations. The disadvantages are that
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this method may be very slow, the cleanup rate is dependent on seasonality, difficult to remediate deeper zones of
contamination beyond the plant root zone, and difficult to monitor the results of the method. In addition, the high
pollutant concentrations may cause harm to the plants. at stations within the CF compliant zone (Figs. 7a, b). While, only
P'FZTW with ~4-s duration appears in the vertical-component seismograms because the ray path from this deep
teleseismic earthquake to the CF array is nearly vertical. Normalized spectral amplitude contours of teleseismograms
recorded at on-fault station B15 show large-amplitude P-type and S-type FZTWs at 1-2 Hz with ~4-s and ~7-s durations,
but weaker and much shorter (2-s) wavetrains at stations B1 and B26 outside the compliant zone (Fig. 7¢). Figs. 7d, 7e
show similar features of teleseismograms and speectral amplitudes at Lines A, C and D. Fig. 9f shows receiver functions
of teleseismograms recorded at partial stations of Lines A, B, C and D. Large-amplitudes appear in time windows of ~3.5
s and ~7 s, respectively, following P' and S' as well as multiple-phase P" and S" at stations within the CF compliant zone,
owning to P-type and S-type fault-zone trapped waves produced within the CF compliant zone. In contrast, much lower
amplitudes are shown in the same time windows in the receiver functions of teleseismograms recorded at stations outside

the compliant zone.

Dilute Plume and
Secondary Treatment,
Induced Hydraulic Control

Enhanced “Natural®
Gradient

JO\

Figure 10. Schematic of phytoremediation (Edward Gatliff & Doug Riddle, 2018).

In summary, phytoremediation is

a green technology

low cost

may work very slowly

interruptive

not good for deep zone contamination

difficult to verify results

o O O O O O

Permeable Reactive Barriers (PRBs)

Permeable Reactive Barriers (PRBs) use a man-made infiltration material barrier to treat passing groundwater (Figure
11). The materials stuffed in the barrier usually include sorption materials like GAC, or in-situ chemical or biological
treatment materials like oxidation compounds. The advantages of PRBs include in-situ treatment to conserve water
resources, and effective treatment of migrating plumes and dissolved contaminants, particularly in high concentrations.
Unlike in-situ treatment, this method may be costly and more disruptive. The most significant disadvantage of all is that
the PRBs could hardly be replaced and refilled in place. When the barrier materials are saturated with the contaminants,

the remedial life could not be sustained.
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Permeable Reaction
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Figure 11. Schematic of Permeable Reactive Barriers (PRBs).

In summary, Permeable Reactive Barriers (PRBs) is

o water conservation

effective to treat high concentration and migrating plumes
costly

interruptive

o O O O

could not be replaced in-situ

Vapor barrier installation

The vapor barrier installation method uses a barrier to prevent a risk exposure pathway to humans
(Figure 12). This method is not a treatment method, rather a mitigation method. For volatile pollutants,
one of their potential impacts on human health is to transport through the building floor into people's living
spaces. It is called “vapor intrusion.” In addition to the soil vapor extraction method, one method to
remediate the vapor intrusion situation is to install a vapor barrier between the contaminated soil or
groundwater and the floor of the building. The vapor barrier usually contains a solid surface and
sandwiches a porous layer of sorption material like activated carbon. It is effective and low cost. But it

is not an active cleanup method and cannot clean up the contamination.

Figure 12. Vapor barrier installation.
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COST ANALYSIS FOR SITE REMEDIATION

If a remedial method also depends upon the analysis of cost-effectiveness. Economic consideration is
always important technically and engineeringly to site remedial projects. This section presents a site
remediation method cost analysis based on a dataset in the California underground storage tank (UST)
cleanup fund in Los Angeles, California, USA. The cost analysis used 179 closed UST cases in the Los
Angeles area since 2012, where active remediation was conducted. The remedial methods for cost
analysis include (1) soil vapor extraction, (2) dual phase extraction, (3) soil excavation, (4) groundwater
pump and treat, and (5) free product removal. If a cleanup site had more than one method applied (e.g.,
both soil vapor extraction and soil excavation were used), the most costly method at the site will be
counted into the group with the same method. For example, if a cleanup site applied both soil vapor
extraction and soil excavation, and soilexcavation is more expensive as a result, then this site will be
classified to the soil excavation group, not the soil vapor extraction group for analysis. The average cost

associated with different active remedial methods per site is summarized and presented in Table 2.

Table 2: Average cost by individual method per site in §

Method Cost per site
Soil vapor extraction $926,173 (n=68)
Dual phase extraction $907,440 (n=21)
Soil excavation $870,803 (n=80)
Groundwater pump $639,786
and treat (n=6)
Free product removal $481,953
(n=1)
Total average $887,438 (n=179)

It needs to be noted that the cleanup at UST-impacted sites deals primarily with petroleum hydrocarbons as
contaminants. The cost may be different from treating other types of contaminants. For example, conventional soil
excavation is considered a very expensive method for cleanup. However, data in Table 2 suggests its cost ($870K) is
below the total average cost ($887K). This may be because the excavation is only conducted in the small source area
(e.g., UST area). In addition, groundwater pump and treat is traditionally considered a high-cost method. However, the
data in Table 2 show its cost below the total average. This may be because the sample size (n) is too small (only 6 sites
used the pump-and-treat method), and therefore the result might be biased. Soil vapor extraction is considered to be a
cost-effective method. However, the data in Table 2 suggests this method is the most expensive method compared with
other methods. This may be because it lasted too long, and maybe a mobile soil vapor extraction unit, which is more
expensive, was used. Again, this dataset in the Los Angeles area may be too small and therefore biased and the multiple

remedial methods used at the site may cause uncertainties as well.

CASE STUDY: REUSE OF REMEDIATED SOIL

One of the sustainable remedial methods is to reuse the soil after remediation. The section presents a case study

where soil after remediation is used as material for road pavement. The US Environmental Protection Agency (USEPA)
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published a guideline for “The use of soil amendments for remediation, revitalization, and reuse” (2007). The guideline
discussed the type of soil contamination (e.g., petroleum, metals, volatiles, etc.), exposure pathway evaluation based on
the contaminated soil, soil type and ecosystem function, reuse proposal and application, operation of soil reuse, permitting

from government agencies, and environmental monitoring.

The case example presented is a soil reuse case where remediated soil is used to mix with asphalt to pave a road onsite
at an oil and gas production field. Soil was impacted by petroleum products and treated with natural degradation. From
an environmental perspective, this proposal is to reuse the material at the site, to reduce waste, and not to cause risk to
humans and the surrounding ecosystem. From an economic perspective, it certainly reduces some cost by using onsite
material. From a social perspective, since this site is located in a less populated and remote area of an oil and gas
production field, the plan to reuse remediated soil will not cause too many neighborhood concerns. With that, the oil and
gas field operator submitted a proposal to the lead government agency for soil reuse. The government agency issued a
permit to reuse the treated soil. This is considered a sustainable solution for the situation. The permit specified the

following conditions for reuse of the soil.
Reuse of impacted soil with oily sand for road pavement materials must conform to the following conditions.
(1) limit 1001 yard3 oily sand (quantity limitation)
(2) soil is from the oil storage pond bottom (location specification)
(3) the soil will be mixed with asphalt
(4) Concentration must be less than 6% Total Petroleum Hydrocarbons
(5) Only use for pavement of a road (usage specification)
(6) Asphalt materials for the road must be at least 90%
(7) Any actions must be approved by the permitting agency.

In addition, treated soil should be monitored and sampled. The composite soil samples should be obtained from the

soil stockpiles, and the number of soil samples is taken per the guideline shown in the following table.

Table 3: Number of soil samples guideline for soil stockpile (DTSC 2001)

Volume of Samples per

stockpile volume

Up to 1000 yard? 4

1000 — 5000 yard? 4+ 1 every 500
yard?

> 5000 yard? 12 + 1 every 1000
yard?
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Abstract

Prescriptive amplification restores audibility, yet many hearing-aid users continue to struggle in noise because
amplification does not resolve target-to-masker competition. Conventional noise reduction improves comfort and effort
more reliably than intelligibility, whereas spectral and formant enhancement approaches strengthen selected speech cues.
Deep learning can produce larger laboratory gains, but translation to wearable devices requires causal, real-time
processing within tight memory, computation, and battery budgets. This review connects evidence from conventional
signal processing, cue-directed enhancement, human-listener studies, and hardware implementations. It argues that
hearing-device algorithms should be judged by perceptual benefit within a stated device budget. Targeted formant
enhancement illustrates interpretable auditory-informed processing, while compact neural models may support target
identification, scene analysis, and control. A likely near-term direction is a hybrid architecture in which compact Al
guides efficient, controlled signal processing.

Keywords: Speech enhancement; conventional signal processing; artificial intelligence; hearing aids.

1. Introduction

Modern hearing aids can restore audibility with considerable precision, yet speech in noise remains difficult for many
users. Amplification cannot fully compensate for reduced frequency selectivity, temporal and binaural deficits, or the
cognitive demands of following one talker among competing voices. Reverberation, moving sound sources, changing

communication goals, and source-related degradation such as speech muffling add to the difficulty in everyday listening.
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Prescriptive amplification, typically implemented through frequency- and level-dependent gain and WDRC, provides
the foundation of hearing-aid processing by restoring audibility within the listener's reduced dynamic range (Keidser et
al., 2011). Its purpose, however, is not to separate target speech from competing sound. When speech and noise overlap,
amplification may make both more audible without inherently improving the target-to-masker ratio, and restored
audibility alone may be insufficient at moderate-to-high noise levels. Speech enhancement addresses this complementary
problem by improving access to the target under adverse acoustic conditions. It is best understood as an adaptive
processing layer within the broader hearing-aid signal chain, operating alongside rather than replacing prescriptive
amplification (Kayser et al., 2022).

Speech enhancement has approached this problem in several ways. Digital noise reduction (DNR) attenuates
components judged to be noise, whereas spectral enhancement strengthens selected features of the target. More recently,
deep neural networks have learned mappings from noisy mixtures to masks, filters, spectra, or waveforms. The perceptual
consequences differ across these approaches. Noise reduction may improve comfort without improving recognition, and
cue enhancement may increase the salience of selected speech information without changing the overall signal-to-noise
ratio (SNR). Either approach can reduce naturalness or environmental awareness when applied too aggressively.

Deep learning has expanded what is technically possible, but offline performance says little by itself about suitability
for a hearing aid. A wearable device must process sound continuously and with little delay, usually without relying on a
remote server, while sharing limited computation, memory, and battery capacity with the rest of the hearing-aid system.
It must also preserve loudness comfort, spatial cues, and access to relevant background sounds. In this review, Edge Al
refers to causal or streaming inference performed on the device or closely coupled local hardware rather than in the cloud.
The practical issue is whether Al can deliver reliable listener benefit throughout the day, in unfamiliar acoustic scenes,
within the limits of the device that the listener wears.

Previous reviews have examined DNR, deep-learning speech enhancement, and Al in hearing aids (Bentler and
Chiou, 2006; Andersen et al., 2021; Healy et al., 2023). The present review takes a narrower translational view. It
considers what conventional signal processing has taught us about listener outcomes, what cue-targeted enhancement
adds, how far neural systems have progressed, and where device constraints still limit translation. The final section
considers how conventional signal processing and Edge Al may be integrated, using targeted formant enhancement as
one interpretable test case rather than a complete solution.

2. Scope and Evaluation Framework

This integrative narrative review examines representative work on conventional DNR, spectral and formant
enhancement, and Al-based speech enhancement for hearing devices. It is selective rather than exhaustive, with emphasis
on foundational studies that established important perceptual principles and recent work providing human-listener
evidence, ecological evaluation, causal or streaming operation, or measurements on resource-constrained hardware. A
comprehensive taxonomy of neural architecture, microphone-array processing, dereverberation, and target-speaker
extraction is beyond its scope.

The evidence is considered along two dimensions: perceptual value and device feasibility. Perceptual outcomes
include speech recognition, listening effort, sound quality, preference, and environmental awareness, which should not
be treated as interchangeable. Device feasibility includes causal and real-time operation, execution on or near the device,
latency, memory, computation, energy use, and integration with the broader hearing-aid signal chain. Objective measures
such as STOI, HASPI, PESQ, and SI-SDR remain useful during development, but they do not substitute for listener
testing. For hearing devices, an improvement is meaningful only when it produces reliable listener benefit within a clearly

stated device budget.
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3. Conventional Signal Processing Approaches to Speech Enhancement

Conventional speech-enhancement algorithms have generally followed two broad strategies: attenuating components
attributed to competing noise and strengthening perceptually relevant features of the target speech. These strategies

address different failure modes, and their perceptual record provides a useful baseline for evaluating Al-based methods.

3.1 Digital noise reduction
Conventional single-channel DNR estimates whether time-frequency regions are dominated by speech or noise and

reduces gain where noise is judged to dominate. Implementations have used modulation analysis, spectral subtraction,
Wiener filtering, statistical noise tracking, and related gain-control methods (Bentler and Chiou, 2006). Because speech
and noise overlap, attenuation can remove low-level speech components as well as the masker, while rapid gain changes
can introduce audible artifacts.

The perceptual record is mixed. Conventional DNR has improved comfort and acceptable noise level more reliably
than intelligibility. Laboratory and field studies found limited recognition benefit, and a meta-analysis of adult hearing-
aid studies reached a similar conclusion (Bentler et al., 2008; Lakshmi et al., 2021). Even without an intelligibility gain,
noise reduction may reduce listening effort or release cognitive resources (Sarampalis et al., 2009). The recurring pattern

of improved comfort or reduced effort without better recognition remains an important benchmark for Al-based systems.

3.2 Spectral and formant enhancement: From broad contrast modification to targeted cues

Spectral enhancement was motivated by the loss of frequency selectivity associated with sensorineural hearing loss.
Early methods narrowed formant bandwidths, amplified spectral peaks, attenuated valleys, or expanded contrast across
multiple channels. Their effects were usually small or condition dependent. Some studies reported modest improvements
in consonant or sentence recognition, whereas others found no intelligibility benefit or poorer sound quality (Bunnell,
1990; Simpson et al., 1990; Stone and Moore, 1992; Baer et al., 1993; Franck et al., 1999). Dynamic enhancement and
individualized parameters produced larger gains in selected noise conditions, but the effect did not generalize broadly
(Chen et al., 2012, 2013). Spectral enhancement has also failed when tested with spectrally sharpened sentences,
underscoring that greater contrast does not automatically create more usable speech information (Nittrouer et al., 2015).

Formant-directed processing has a longer history than is sometimes recognized. Boers (1980) described formant
enhancement for listeners with sensorineural hearing loss, and Summerfield et al. (1985) examined formant-bandwidth
narrowing. Narrowing did not improve consonant place identification in quiet, although broadening was harmful. A later
approach, contrast-enhancing frequency shaping (CEFS), increased high-frequency emphasis as a function of hearing
loss and the speech spectrum. CEFS improved the auditory-nerve representation of F2 in animals with noise-induced
hearing loss (Miller et al., 1999). Bruce (2004) extended the scheme to running speech and examined its compatibility
with multiband compression using an auditory-periphery model. This work supplied a physiological rationale for
formant-directed enhancement, but not evidence of improved perception in hearing-aid users.

A related series of behavioral studies focused specifically on F2 and, more recently, combined F2-F3 enhancement.
F2 enhancement improved vowel-formant discrimination for listeners with hearing loss and produced condition-
dependent benefits for older listeners and for vowel and consonant identification in noise (Woodall and Liu, 2013; Guan
and Liu, 2019; Li, 2021). Extending this work to sentences, Li and Liu (2026) compared unmodified, F2-enhanced, and
F2-F3-enhanced natural and N95-muffled speech. Enhancement provided no measurable benefit in quiet, whereas both

approaches improved recognition overall in four-talker babble. F2-F3 enhancement was more consistent across speaking
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conditions and SNRs, particularly when speech muffling and external masking occurred together. This pattern suggests
a benefit from restoring broader mid- to high-frequency spectral structure, although the specific contribution of F3 could
not be isolated.

The studies also point to an important boundary condition: benefit is most likely when the relevant cues are degraded,
because favorable conditions leave little room for improvement. Enhancement can alter spectral tilt, formant-amplitude
relations, or sound quality, and most published formant studies processed the target before it was mixed with noise even
though a hearing device receives the mixture. The evidence therefore demonstrates perceptual efficacy under controlled
signal access rather than readiness for real-time deployment. Formant enhancement remains useful as an interpretable
test bed for selective cue modification, but its computational demand, latency, memory, and energy use have yet to be

measured on target hardware.

4. Al-Based Approaches to Speech Enhancement

In practical devices, Al-based enhancement enters an established hearing-aid signal chain in which prescriptive
amplification, WDRC, directionality, feedback control, and output limiting remain essential. Learned models can add
estimation, separation, and adaptive control under conditions that are difficult for fixed-rule processing. The relevant
question is therefore not whether a neural model performs well offline, but what useful role it can sustain within the

complete device.

4.1 Neural methods and human-listener evidence

Machine-learning enhancement differs from classical estimation because the mapping from noisy input to desired
output is learned from examples. Early supervised systems estimated ideal binary or ratio masks; later networks estimated
continuous masks, complex spectra, adaptive filters, or time-domain waveforms (Wang and Chen, 2018). The first
human-listener demonstrations produced unusually large intelligibility gains, but training and test conditions were closely

matched and future frames were often available (Healy et al., 2013).

Subsequent work addressed increasingly realistic constraints. Training variation expanded across talkers, noises,
corpora, recording channels, reverberation, and languages. Causal speaker-separation and dereverberation systems
retained perceptual benefit while avoiding future information, although conversion to real-time-capable operation carried
a cost (Healy et al., 2021). Cross-corpus studies also showed that generalization to one kind of novelty does not guarantee
performance in another (Pandey and Wang, 2020). By 2023, a causal attentive recurrent network trained with large
numbers of talkers and noises produced substantial average intelligibility improvements for listeners with hearing loss
under varied test conditions (Healy et al., 2023). Other work has demonstrated benefit for hearing-aid users rather than

relying only on normal-hearing simulations (Diehl et al., 2023).

Human-listener studies now show that neural enhancement can improve communication, although benefit remains
tied to sound quality, failure modes, and the relation between training data and everyday use. Causality alone does not
ensure deployability: a model may still require a long analysis window, excessive memory, or more computation than a

wearable device can sustain.

4.2 Commercial devices and everyday outcomes
Recent studies have begun to evaluate commercially implemented systems. Christensen et al. (2024) compared

premium hearing aids during everyday wear and found that average satisfaction was similar across devices, although
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satisfaction with the DNN-based system was less dependent on ambient SNR. Fitzgerald et al. (2025) combined
electroacoustic measurements, clinical speech-in-noise tests, and ecological ratings; benefits were evident, but their
magnitude depended on the test and masker. Overby et al. (2025) showed that listeners' preference for DNN noise
reduction also depends on how it is combined with wide dynamic-range compression (WDRC).

Folkeard et al. (2026) reached a related conclusion using commercial hearing aids configured with different
combinations of directionality and noise reduction. The best overall results occurred when DNN processing was
combined with beamforming, and benefits varied with masker type and spatial configuration. These interactions make it
difficult to evaluate an Al module in isolation: beamforming changes the signal presented to the neural processor, and
WDRC may preserve or magnify residual artifacts.

For a hearing aid, the desired output is not necessarily the closest approximation to an anechoic clean signal. It is the
signal that best supports the listener's current goal while remaining natural, comfortable, spatially coherent, and

informative about the surroundings. This is a different objective from maximum noise suppression.

5. Why Al for Hearing Aids Is a Distinct Engineering Problem

5.1 From offline models to real-time operation under resource constraints

Many neural enhancement systems are evaluated offline on desktop or server-class hardware, whereas a hearing aid
must process a continuous audio stream on the device and without dependable access to remote computation. Offline
evaluation, causal processing, real-time execution, and untethered operation are not equivalent. A causal model uses no
future input, yet analysis windows, buffering, memory, or computation may still produce unacceptable delay or exceed
the available processor. End-to-end delay also includes analysis and synthesis, look-ahead, and data transfer; open fittings
can be particularly unforgiving (Goehring et al., 2018). Faster-than-real-time execution on an external processor is
therefore insufficient evidence of hearing-aid feasibility.

Computation and energy are coupled because enhancement runs for hours from a small battery while sharing
resources with the rest of the signal chain. Parameter count alone is a poor proxy for deployability: working memory,
numerical precision, data movement, duty cycle, and front- and back-end processing also affect runtime and energy use.
TinyLSTMs illustrated how pruning, quantization, and state-update skipping can reduce computation on a
microcontroller (Fedorov et al., 2020). Recent hardware studies reported a 28-nm processor consuming 740 microwatts
with 39.96 ms total latency and streaming enhancement on a programmable behind-the-ear hearable (Park et al., 2025;
Itani et al., 2025). These results establish feasibility, but power and latency must still be interpreted in relation to form

factor, battery capacity, expected wear time, duty cycle, and measurement boundaries.

5.2 System integration and device-level evaluation

Enhancement must operate alongside directionality, feedback control, frequency shaping, WDRC, output limiting,
and binaural processing. Device-level comparisons should add candidate enhancement strategies to the same
appropriately fitted amplification baseline, so that observed differences reflect enhancement rather than audibility or
compression. Recognition, effort, and quality should then be considered together with latency, memory, computation,
and energy. The relevant endpoint is listener benefit under the constraints of the intended device; Table 1 summarizes

the information needed to assess it.
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Table 1. Key information for evaluating the perceptual benefit and device feasibility of speech-

enhancement systems.

Domain

Information to report

Signal processing and
latency

Sample rate; microphone channels; frame and hop; look-ahead; causal
status; analysis-synthesis and end-to-end delay

Model and
computation

Architecture; parameter count; numerical precision; operations per
frame or second; front-end and reconstruction costs

Memory, hardware,
and energy

Model storage; peak working memory; target processor; runtime;
measured power or energy; included and excluded stages

Perceptual evaluation

Population and audiograms; speech, masker, SNR, and reverberation;
recognition; effort; quality; artifacts; spatial awareness

System integration

Beamforming; WDRC,; fitting formula; feedback control; binaural

processing; cloud, smartphone, or on-device execution

Generalization and
ecological validity

Unseen noise, talker, corpus, room, language, device, and recording
channel; field or ecological-momentary evidence

6. Future Directions: Integrating Conventional Signal Processing and Edge Al

Future progress is likely to depend less on choosing between conventional signal processing and learned processing
than on assigning each component the role it performs best. Prescriptive amplification will remain the foundation of hearing-
loss compensation, while speech enhancement may combine efficient conventional signal processing with compact learned
models for scene analysis, target estimation, and adaptive control. Within this hybrid framework, four developments appear
especially important.

Near-term systems are likely to remain modular. Prescriptive frequency shaping and WDRC will continue to provide
hearing-loss compensation, while beamforming, feedback control, and other conventional signal-processing components
solve well-defined problems efficiently. Learned systems can complement these components without displacing them with
a single end-to-end model. Hardware-software-audiology co-design will matter as much as model architecture: an algorithm
that improves an offline score but consumes resources needed by other functions or shortens usable battery life is not
necessarily the better hearing-aid solution.

Learned processing may be most useful upstream of acoustic modification. A compact causal model could identify the
current target, classify the scene, estimate relevant cue trajectories, and judge its own confidence. A bounded processor
could then apply gain, filtering, or cue enhancement. The learned output would remain low dimensional and the acoustic
change interpretable. When confidence is low, the device could reduce processing strength or return to a conservative mode
rather than fail abruptly.

Evaluation will also need to move beyond a single leaderboard score. Objective measures remain useful for screening,
but hearing-device studies need human outcomes and device measurements from the same implementation. A smaller
intelligibility gain may be preferable if it preserves quality and spatial awareness, avoids objectionable delay, and can run
throughout the day. Comparisons should include the complete processing chain rather than attributing the result to one
module.

Personalization is likely to become more contextual and more closely tied to user intent. Audiogram-conditioned
processing is only a starting point. Users differ in listening goals, tolerance for suppression, language experience, and the
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value they place on environmental sound. Continuous on-device learning may be costly and unstable; a more practical near-
term approach is a compact pretrained model with a small number of listener-specific controls and occasional preference
updates. The wanted talker may change as the user turns the head, and in traffic the safest output may not be the one with
the highest SNR.

Targeted formant enhancement provides an interpretable test case because both the manipulated cues and their
perceptual consequences can be specified. The next step is mixture-based F2/F3 estimation with bounded enhancement and
individualized WDRC, evaluated in terms of tracking accuracy, listener outcomes, computation, memory, latency, and
energy. Its value should be assessed on the same hardware against conventional and full-band neural systems, progressing
from unfamiliar acoustic conditions to listeners with clinically representative hearing loss and field use. Such comparisons
would clarify the balance between perceptual benefit and practical feasibility and could also be extended to other auditory-

informed cue modifications.

7. Conclusions

Prescriptive amplification will remain the foundation of hearing-aid processing, but it does not by itself resolve target-to-
masker competition. Speech enhancement complements rather than replaces prescriptive amplification, and future systems are
likely to integrate conventional signal processing with Edge Al. Evidence from conventional DNR distinguishes improvements
in comfort from gains in intelligibility, while spectral and formant enhancement approaches show that selective cue modification
can help under specific forms of degradation. Deep learning offers broader estimation and separation capabilities, although its
practical value still depends on generalization, sound quality, latency, memory, computation, energy, and integration with the
complete hearing-aid system. A hybrid architecture is a credible near-term direction: compact Al can identify the target,
characterize the scene, and guide processing, while bounded auditory-informed methods implement the acoustic modification.
Progress should therefore be judged by whether an algorithm provides reliable listener benefit while meeting clearly specified

constraints on computation, memory, latency, and energy use.
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IRl 155 PR S

S, B ERIUARL, s SUREIR R, R GrEER, B ANRE R R H KSR TR T
FrE R RIIMARAETAR R o WATHET AT, S E G- Es ), TR RIIRE . Real@ Rt
AV EERA B 57 710922, 2%,  5EHSEERIEERL1-3%HEE, 2k, Rl R, Bk
PEREELAINATE, BEIBHEEIN, AR AR TR A=, RN L. S FEE, AR
AL, BB AR, KERS L, e 2iEres| T, a2k %s . Wichens: (2015, 2022, 2026) &
SRR, FaE. JUE Y, RERlsliEl, RiESFTRIE0T, FaRFESIGKIE. FEELSFK PR,
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B b SR PRI, FERMARZESE & LE A 289 Ko (EARS AR AR M A 2, BIINReR . 5l 50 24 e [
BRsedr /s, NI RHRSS 7 i B SE 22 H 10 R R 4 R P I 55 1137, 3G S4Bt 5577 i 5240 AR (R AN R

H=, BALASHR RIS,  BEATPAERSANNBURT, A RCHIE S SRS R, A RO
b SRS B S AR . BURRGRA NN, B TR, RREIEHN, A3k, 2
s, FRESRBUFIRR. R LAES . BUNRRLIUEAIRE, BRI RIE DR R 1. 53
WIRLESE, WALAIREIBF A BER S, BOTBAE” ZE5h” o WET,  WHINTERL. BEtt. BUr
FEARBRRENLE W B T A R0 AR LR % -

S0, EESEIL UL, AU AR, R AR R R A ERPUE A ALY
Se ), WRRBIGERREMNA . Ay Rl AN RTHR SRS I EEhRE, LT — DM E RS AR
K, FERRRHE R R EEANACE . 2 U HELST A T, R, (BR300 AR R 5T
ARG T T, Rl S5k EIA RIS L THAMLEL, A55 /el B, ZER. TR
AR, HERAGY KRGS Pt E B, 0T AL R R T EER R, UOAkmtE
PPANE R B EARN A EERRF, NAZRRATASEi, B M E R g AR, 5
[ BT A S HHEIL 0B B AT QNS Soa Lo, FE EfAwS, WEL 28 Hera
At—x, e EEILTC. Pl E S HER SR, HiE RS FZEAli10%. 1 E2025
GDPZ) (535 [ 164% . AT AFRA TR A S PHEAIIHR? F BRI NGR BT ZBWr VAR, BEZ 2R A T
FAEL, MR Z RFRENT . H—NRER, NETIENGEE. M E. B 7R R ZER, S HBUGRT Ik
FE BRSSP AN T, GBI B, el . Rrl AT W EIE B e RE . BoRFaE. T
U R, AR Z IR T, Winse i, OISk, WEBSRS R R, MaiEidt
FIRIIMORIR SR, BT IR RIS EARRE, TR E AR ML B S BHT.

i, ESLORERIARL, SIS KRS, AR AR SRR AT R E IS A
B SRR R BN A+ REANZFA R CEE . E SR IE S EEANGDP £98%.
{AERT AT dhoef HAREE R ER BT, Haliih, SRl alE — A siRkAL, 2743 64 HoAt AT L B
WAL (LR, hESGRET T IRERE. TR KGR, HERRE & ST i
B,

NI FEAE2000, 2020 220254 i TR ST, GDPAAHMELZR AR . IX e R EH, o T S A 2
JUT ARG, EREEAT{E S 49 GDP ELRTIAE, A E80%. Kijilie 53 Eilid100%, A 200%
ML AN IR . XA, TR R E T A R I 7.

hE5=ERMMHERGDP (/71237 Trillion) LB

[ %

9| BRmHE GDP % Emmhi{E GDP %
2000 0.6 1.21 49.6% 11 10.25 107.3%
2020 11.52 15 76.8% 40 22.09 181.1%
2025 15.51 19.5 79.5% 70 31.42 222.8%

FIEFRIR : https://www.macrotrends.net/ & https://www.statista.com/
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X B NS bl Ae i, Sk I ) BN BN SR AR AR . N FIEFRE, IR &SR =K
FREEIX = ANMEA BB DL, SR G ARy R e S A R 2 08 . N20004F 21120204,  FUFFEELAIE K
67. 5%, AFIREKS. 4%: M20204EF20254F, IFHSEUAK 14, 28%, FEHIEK 2. 9% o IFUERTE M20004E 212020
M, HRI LIEFEEr, HA2020-20254F, MK,  msE = KIEEL M20004EEI20204F I FEI IR H 2
R E 2. T4, M20004E 520204, /03, 9f%.

R AT IOREE, RS 2000532020452 8. 70%, AM20204EF20254F 4. 90%; 112 FH[F]
IR R HF AR R R DN 1.96% and 2. 41%. X B~ A HARE R, T ESFESM KRR AR, AN
Ha e miA etk ? R EREEFIG KRR S 2, BERERER2-465, (AT AN EuE K
REREEXLZ?

1 R B I 25 LR AR I, RN R S AT KB ARITES, SR, HEAL,
JRNRZ HE 2. Eap AL wsd, EhERIUER@E R, EReinCAgR. LB LLR J LA EZH
7, METERTSERANESCE, WIEERRE. XRFEEE, ReRda )R, E— N EXRRT, B
FIRMIIHE, KMz b, REZASWE . EEBTIE 9. 117 & “COVID-19” B, Rk, HIl 7,
(IS5 2t 5 T =N TT SR ES )l < i s SN 1 2 WA <o T

[ B 7T R S — A R, RO AR, BT BT ER], AR E R A
W, BAIRA) AR RE B IS G AT RREEL S, AR, RS RIS 555 2T
FOEME . HERIESF LS ANAEE, BERZ 2K, IEHLHEMIEIARGEE . AEINL. AL, AMEE
i BB AR RE BRI AR B ST, TR PR ITOE . BT RCE LN DA
WEAE, HRLIEHIRT M. =, R Lddald, bl . 0, Bl /8RB A
2, biE, I KEE ER), ARuE. XM RBTING, SETESHER. B, BARSTTHTETEA
B, IEEERIAE R, A HAE SRS T, (R s B e R LS, X R P A E S
To BN, WP MBI 2 BRCEELMALLS S, ZHME, WK, MIREE. B, RS,
HHABERARE . K, AIMERZIRT] J1. 5\, WS, JO RS IR IR 2, ARG S PR R
SRR AT, WMAFFRE AT, BE Bk a st v, et 2%,

hESx=ERmE LT LB

PE eS|

FUEFRE | REERTE  JE IR VAR R | FRES00FE L | ANHNA R R

2000£F 2073.47 |  4730.14 10786.85 1,320.28 2.470.52

20205 3473 | 14470.68 30,606.48 3,756.07 12,890.03

20255 3968.84 | 13525.02 48,063.29 6,845.50 23,241.99
2000-2020

BEE 67.50% | 205.92% 183.74% 184.49% 421.75%
2020-2025

S 14.28% -6.54% 57.04% 82.25% 80.31%
2000-2020

FIPER 3.4% 10.3% 9.2% 9.2% 21.1%
2020-2025

FIPEK 2.9% -1.3% 11.4% 16.5% 16.1%

kR . o 5 5% E A SRS A 5 P
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g T R R o — AT U R B, TR RE Y, GRERE TN KR AR . IR
R ARMER, EER AR — 2P EAEREE CATBEE L) HEIRIR, BE BT, E)
29920-25%,  MSEE ol HEEh B L G2 0880%.  Hk,  ReE /N R AV RS ML S AR A R, 5
=, HUTHOLEER, K4 1S HEUFAMEE ok, )E TN R AR EISRASRAT IR RE il
A EGDP #E 60%, Ak 80% L 60%, (EAEERTTIARENUL, SR, EARAUARIX— AGZ )
i, T EMRA_EARRUEAE, IR, 6% B ViR RE S BB L], BT AL ST T i e
bR BB . SRR T AT BURT, N EAREERAT B O SER Bk, B E
BEATEERIAT I AR KIERIH, thNAREETTY, SERATRFSEREER & EA MR EA K
R, A B ARAT ORI R BT . AT A RAT, I LR M R SR U M A A
Ao XFEIECE, R AE TN REN, e s E AT, IR A HE E I SRR
PR, FEHBEMZERGEF MR RE Y e 3R 2 ARIT IR DEEK, AR LA oA AT R 5 v
i)

BN, BESCHLP EAIUUL, BB E . SRR A R AR /RS S R
JLER it B P/ B 7y 2ot <0 s P Nl k| vl L1 2 0 s e b | AT 2 - 2N M s L s e E /A T D
Fro MfEFortune>>  2025%FRIEHE, EEFKI00ZK HEARME AL, KEF25, PEA30K. HE
[ KA F # RS B AR, HASEHH 2= LGk B E SN, HVF2EL50%. £ EREKKARF, 44
REHUEEA ML, CIENSE T S SHFIR (B BRI ERMARE, ZEFHAE 2 AR
W A ] ME A, AR, ROEEEE AR RN R AR M. hEAkLE, & HEELREEEA
A, UHFEEEE, ER. EEMREE RS,

HL, BEEEORIEAZ DA BRI R Sk, thod i [ BRI St . ST i, SEREEAAL
MRS EAR AR, INRHIT RN, AL SEE PR R RIRIR R, 2 AN AR RRCR . K
PR G IRILS, b ok, T RO ol (5 5 S 1, BELAS S f  M A R IO REA% BOR o R BB
Ak, B dize sy HEANR, BENA, ANRHEA, AR, KEREE, SiEEREarE, L5060
Ft, LoOAK, Bl SRR, IRAEARBSIKARR R, SR SMT Z A R SE R, H3T SEhtif 220
HE R P, USRS i sl KRN S 3k BRI . K Ty s G, ™ B 2 i G 1R a1k
PR R, AW m AR IRt S e J Rty . BRSO e HOB A 5, BRZE PR R A AN E AR R K 3,
ABEWR . FATLATLINGE 5 RSy, BRSSO ISR, KRR GRS, 2l
fift SRS AMOLEWITR B £, SEMATeENE. A dft.

FIN, HE IR S E AR R 2 2 B . ATEN ARG AL R B AF BB D4 B F
HE R AP K& A AA IR BE R, OFIAART A B EERR LS8 E R R
PHEANRERAF AR AR BEHARUO LI RIEYE, B AR 2810 10 B ER AT R AT I
A, XM EPIR, BRI E S SR P AR O R S, R R O IR T

RIRB RS,  EARGUEAR, SRS, SCREAX, (REAAR B, Sl or Bk, et A e
EVEEYERE ST, DX HARAN L BRI E RIS o

BART— AR, #F S 2R #0 MSCE, BORIIEIE 1 7 2 R AT ES
R FBEE I WA AR R R, R R R R, T8 VR SR R SRR, SRR B
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AR RERIANA T 58, S BARSEER B BRA ik ATAATIL WAEAR, NSRS R R AH AL
Sy TR 2 WP BOR AR WA, SR 28, ApREE S, S TIECRER M, HaEhs, HIERm
POB VIR R, JFREPAF KRR R SHBAE AR, KTERRAKCEAR, e SCRSIREMA 7, E45%—
B FIALE I ENBORKIATIE T, NASVE RSl SSRGS 2 Se s, RIBCH | f FL A i, 1 A o
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[ Pl et R AN PTIERL (Fi . i [ 80 AR S (B P A ER AL ITE G . ZEARES AT, - KRR S
e AMUBEREEEISCRFEZNHEEN, BIESE ARG, SCRESUNE 2 MANE B E B 2B,
Z G I AR 2 A E A AN, B EDR M E RN AT TAE. B e, e i E Pt Bk
ik, AR .

HERASEENFE L,  ONRMNLG, OVERA, OVERGRAE, NAIITRT o EEiFLEEER
H AN 2 Z#R I S RN, BREMAE BRI 5. TiX—Yl, Eiipadt, £OMmET Rt
i, AR EMRR. X SAAE IR SN EEER. NEEN, &hek. Y, #HEHE
At RS AL, B IRD A, SRRIEAT, P seSrit.

B, PORMRIEN. BT 2R 8 F0E . @R RMEEASA, Rl E 4l
A DRI . BLARAE LR, WA BFT G2 TIRKIX, ERRR RPN, AWErE, SHfail,
Hat g, FriAs KRS, ARt Biagte. B 2, %R, 225, BEARIE, REE
4, DRI M F IS, NRE L, PIROVA, B D E R RS S LA AR G E AR, 45 A2
BN M ERAT A R AL, BRI H AR SR B . PP R, R TR EARAREE R, ARl R
R RERIBUERNE, RE TR, RERIIERTE, BE 3, R E TR A R M) R RAR
MM . BB G ZE AL R BIAED . SCFF, (ABUBCE 7o N RIS, J SL A .

wJa,  PERIAUERISEEL, fE-DERA R, A ERAE. AR HESE, o E o

Fro APPSR, ROES AR, R EL4G 0 H M ANRILFEEE. AR &R A A
Ao ERTACH S B, WS AN A (K o, R AP S A E .
BANESHALEANR &, RS, KR BFERAE. PEAYER RATAE, B LA AE.
FA T ) s G g s BRI WEAR ) B RAEREE T o DASONSE, DASEOURR, SEAE I SR R, U s
Wit B RN o E ADACIE R . AR, RS AT 7R E bR B RO IRME, A g
HSK 7 HBEARES, ARG T2 B AR S SCRE, W ESCEITIG SIS BRI WT0 AFEE| 1R
BERIMER . BEE SRR D RSETE, REAARE S ERRER. o B RS, T E 2 BARMMGE B R
FRiE” , HAy AT o HEANINTEMANRE], FEALY GDP PiAmE, BHL. GIHH S5 5 et E 5 4)
AR ZER, flE SRR TAER. FEBEARE 2B 3EE, EAREH RN “GIAN" A6 “Ah
N7 RREATE H LS5 AT E R -

VII. &%
T E XI5 B b, R EAEARMZ T, @E T AFEN, 4 N ERRNE RS HTE L5k
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Abstract

This article develops the Artificial Intelligence Civilizational Extension Framework (AICEF) to explain how Al
participates in the long-term externalization of human capabilities, recasting the familiar linear narrative of "myth—
automaton—AlI" as a falsifiable middle-range theory. It distinguishes three related but non-identical genealogies—cultural
imagination, technical implementation, and institutional embedding—and analyzes Al's effects at three levels: cognitive
tasks, organizational-social routines, and infrastructure. Its central claim is a conditional-extension thesis: Al does not
automatically augment human agency; it becomes a stable cognitive extension only when reliably coupled to human
goals, feedback, verification, and structures of accountability. Otherwise the same system may simultaneously produce
substitution, control, dependency, and the concentration of power. The thesis is examined through four documented
cases—the failed external validation of the Epic Sepsis Model, "metacognitive laziness" induced by generative Al, the
Dutch childcare-benefits algorithm scandal, and the Arup deepfake fraud—spanning health care, education, public
administration, and media. On this basis the article proposes a lifecycle-based distributed responsibility matrix. Its
contribution is not a deterministic account of a civilizational endpoint, but a revisable framework for analyzing when,

how, and for whom Al extends capabilities, and how such extension is shaped by institutions and power.

Keywords: artificial intelligence; capability externalization; extended mind; distributed cognition; sociotechnical

systems; infrastructuralization; large language models; conditional extension; accountability.
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FRAGEFIRE (LeCunetal,2015)  X—HARIRZ R, MEUAES MO aEREAIEN: 155 3 SGAKET
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Abstract

Chinese and Burmese both belong to the Sino-Tibetan language family. Their genetic relationship endows them with
many grammatical similarities, while word order types and negative expressions reveal distinct typological differences.
Double negation is a shared syntactic phenomenon in Chinese and Burmese. Adopting the binary analytical framework
of explicit and implicit double negation, this paper takes the system of double negative constructions in Modern Chinese
as a reference. It examines corresponding double negative syntactic patterns in Modern Burmese from the perspective of
syntactic forms and explores whether Burmese possesses unique double negative expressions unattested in Chinese.

The study finds that all types of explicit and implicit double negative syntactic patterns in Chinese can find
functionally matched syntactic realizations in Burmese. Nevertheless, the two languages show striking asymmetry in the
richness of double negative constructions. The Chinese construction fei X bu ke has no strictly isomorphic counterpart
in Burmese; only functionally equivalent alternatives are available. The Burmese structures corresponding to the Chinese
pattern bu M bu X suffer a high degree of homogeneity, with far fewer sub-types than Chinese. Within the scope of this
investigation, no double negative syntactic patterns exclusive to Burmese (and absent in Modern Chinese) have been
identified. The conspicuous surface syntactic discrepancies between Chinese and Burmese double negation stem mainly
from the asymmetry of negative marker systems and divergence in word order. As an SVO language, Chinese has diverse
negative markers such as bu, mei, meiyou, fei, supporting abundant double negative constructions. Burmese is an SOV
language with only one core negative morpheme ma. It relies on various sentence-final particles for syntactic formation,
creating a mirror contrast with Chinese in surface logical sequences.

This research establishes a correspondence spectrum of Chinese-Burmese double negative syntactic

constructions, advancing cross-linguistic syntactic research on negation within the Sino-Tibetan language family. It
also provides syntactic theoretical support for teaching Chinese grammar to Burmese students in China and Chinese-

Burmese bidirectional translation.

Keywords: double negation; Chinese; Burmese; explicit double negation; implicit double negation; syntactic comparison
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