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Low-intensity Pulsed Ultrasound (LIPUS) 
Modulates Organ Function via Meridian 
Mechanisms: A Systematic Review

Graphical abstract

Highlights

•	 LIPUS is a non-invasive, quantifiable, and deep stimulation method offering 
a promising alternative to manual acupuncture.

•	 LIPUS improves gastrointestinal motility, reduces inflammation, and 
enhances tissue regeneration via meridian-based mechanisms.

•	 LIPIUS shares similar mechanisms with acupuncture, involving neural, 
immune, and cellular pathways.

•	 LIPUS exemplifies a modernized strategy for complementary medicine by 
bridging traditional meridian theory with biophysical principles.

•	 Parameter heterogeneity and limited trials hinder clinical translation, requir-
ing standardized research and multi-omics validation.
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In brief

This systematic review synthesizes evi-
dence that low-intensity pulsed ultra-
sound (LIPUS) applied to acupoints 
modulates organ function via meridian 
mechanisms, sharing neural, immune 
and cellular pathways with acupunc-
ture. LIPUS improves gastrointesti-
nal motility, reduces inflammation, 
and promotes tissue regeneration. By 
bridging traditional meridian theory 
with modern biophysics, LIPUS offers 
a promising strategy for complemen-
tary medicine, though parameter stand-
ardization and validations are needed.
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Introduction

Low-intensity pulsed ultrasound (LIPUS) 
is a type of medium-frequency ultrasound 
(0.7–3 MHz) that operates in pulsed wave 
mode (100–1000 Hz) and is applied at a 
significantly lower intensity (<3 W/cm2) 
compared to conventional ultrasound [1]. 
The distinctive feature of LIPUS lies in 
the strictly controlled low-energy output, 
which mainly elicits non-thermal biologi-
cal effects rather than thermal effects [2]. 
The acoustic energy propagates through 
soft tissues to generate mechanical stimu-
lation at the cellular level, including mem-
brane deformation, ion channel activation, 
and cytoskeletal remodeling. These subcel-
lular alterations subsequently trigger intra-
cellular signaling cascades that regulate 
gene expression and protein synthesis, ulti-
mately influencing cellular proliferation, 
differentiation, and tissue regeneration pro-
cesses [3–6].

LIPUS demonstrates a wide range of 
therapeutic potential, most notably in pro-
moting bone healing and exerting anti-
inflammatory effects [1, 7–9]. In recent 
years evidence has also supported the 

therapeutic effects and mechanisms under-
lying LIPUS on neurodegenerative and 
surgical diseases [10–14]. Furthermore, 
LIPUS can modulate visceral function 
through superficial stimulation, particularly 
via acupoints, highlighting the potential for 
systemic and remote therapeutic effects. 
LIPUS offers advantages, including quan-
tifiable stimulation parameters, controlled 
energy delivery, and non-invasive deep tis-
sue penetration, compared to manual acu-
puncture. These features highlight the role 
of LIPUS as a technological advance that 
may facilitate the modernization of tradi-
tional Chinese medicine (TCM).

The TCM meridian system, a complex 
network all over the body, serves as the 
conduit for Qi-blood circulation and vis-
ceral communication. Contemporary ana-
tomic studies have revealed that acupoints 
are specialized anatomic regions that are 
characterized by dense nerve endings, mast 
cell aggregations, and extensive capillary 
networks [15, 16]. Acupuncture exerts mul-
tifaceted therapeutic effects by applying 
mechanical stimulation to these acupoints 
through the coordinated regulation of the 
nervous, endocrine, and immune systems 
[17]. Importantly, these three systems do 
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Abstract

Low-intensity pulsed ultrasound (LIPUS) provides a non-invasive, quantifiable, and deep stimulation method 
for acupoints, offering a promising alternative to manual acupuncture. This review summarizes evidence 
indicating the efficacy of LIPUS in regulating internal organ functions via meridian-based mechanisms, 
demonstrating improvements in gastrointestinal motility, reducing inflammation, and enhancing tissue 
regeneration. Mechanistically, LIPUS acts through multiple pathways, including neural, immune, and cellu-
lar pathways, sharing common ground with acupuncture, while differing in its biomechanical mode of action. 
Despite encouraging results, variations in treatment parameters and a paucity of large-scale randomized 
trials limit broader clinical use. By bridging traditional meridian theory with biophysical principles, LIPUS 
exemplifies a modernized strategy for complementary medicine. Future well-controlled studies are essential 
to establish standardization and validate therapeutic applicability.
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not function independently but interact dynamically, form-
ing an integrated network that maintains physiologic home-
ostasis. This integrated neuro-endocrine-immune regulatory 
network provides a scientific framework for understanding 
acupoint-mediated visceral modulation.

This study summarized the existing evidence on the 
combination of LIPUS and acupoint stimulation, sys-
tematically evaluated the clinical efficacy and underlying 
biological mechanisms, and integrated TCM meridian 
theory with modern biophysics. By expanding the thera-
peutic scope of LIPUS beyond musculoskeletal disorders 
to visceral dysfunction, this study will identify promising 
research directions and provide evidence-based strategies 
for chronic diseases. This interdisciplinary approach is 
expected to advance the integration and modernization of 
TCM within contemporary healthcare frameworks.

Methods

Search strategy

A systematic search was performed in PubMed, Embase, 
Web of Science, China National Knowledge Infrastructure 
(CNKI), the Chinese Science and Technology Periodicals 
database (VIP), and the Wanfang database that covered the 
period from the inception of each database to 25 August 
2025 with no language restrictions. The search strategy was 
developed with expert assistance and included two terms: 
“LIPUS”; and “acupuncture”. The detailed search strategy is 
included in the Supplementary Materials. To improve com-
prehensiveness, supplementary retrieval was performed by 
tracing reference lists of the included studies and screening 
core reviews in the field, which further refined the literature 
pool. Targeted literature retrieval was performed in the Web 
of Science and CNKI for the analysis of publication trends 
related to acupuncture and LIPUS. Publication trend visu-
alization was implemented using R software (version 4.3.1) 
with generalized additive models embedded in the ggplot2 
package to fit approximate curves for publication volumes, 
thereby characterizing the temporal trends of research output.

Inclusion and exclusion criteria

Studies meeting the following criteria were included: (a) 
clinical studies involving human participants; (b) partic-
ipants who were treated with LIPUS, which was defined 
as medium-frequency ultrasound (0.7–3 MHz) operating 
in the pulsed wave mode (100–1000 Hz) at a low intensity 
(<3 W/cm2); and (c) application of LIPUS to acupoints or 
meridians in the human body. No restrictions were imposed 
regarding age, gender, disease stage, co-morbidities, or prior 
treatments.

Studies meeting the following criteria were excluded: (a) 
systematic review or meta-analysis; (b) studies from which 
greater than two required information elements could not 
be extracted; and (c) duplicate publications or overlapping 
datasets.

Literature screening

Duplicate records were automatically removed by EndNote 
20. Two independent reviewers (XRL and KLF) screened the 
studies based on the predefined inclusion and exclusion crite-
ria. The titles and abstracts were skimmed to identify poten-
tially eligible articles. Irrelevant studies were excluded and 
the remaining full texts were further assessed for relevance.

Data extraction

A data extraction form, including authors, year, sample size, 
study design, treatment, acupoints, frequency, intensity, 
duration, RoB tool, overall bias, outcomes, and conclusion, 
was built to keep a record of the main characteristics of 
the included studies. Data extraction was performed inde-
pendently by two reviewers (XRL and ZFH) with refer-
ences managed using EndNote 20. Disagreements between 
reviewers were first resolved by discussion and an additional 
reviewer (TZ) was consulted when necessary.

Risk of bias assessment

The risk of bias for the included studies was assessed 
using standardized tools appropriate to each study design. 
The SYstematic Review Centre for Laboratory animal 
Experimentation (SYRCLE) risk-of-bias tool was used for 
randomized controlled animal experiments. This tool was 
specifically designed for in vivo experiments and evaluates 
10 domains, including selection, performance, detection, 
attrition, and reporting biases [18]. The revised Cochrane 
risk-of-bias tool for randomized trials was used for rand-
omized controlled trials to assess bias across five domains: 
randomization process; deviations from intended interven-
tions; missing outcome data; measurement of the outcome; 
and selection of the reported result [19]. The Risk Of Bias In 
Non-randomized Studies - of Interventions (ROBSIN-I) tool 
was applied for non-randomized controlled trials to evaluate 
bias across seven domains, such as confounding, participant 
selection, classification of interventions, and deviations from 
intended interventions [20]. Two reviewers (XRL and CCY) 
independently conducted the assessments. Disagreements 
were initially resolved through discussion and if consensus 
could not be reached, a third reviewer (JL) was consulted for 
arbitration.

Results

LIPUS publication trends and acupuncture research were 
systematically examined in the English and Chinese aca-
demic literature in Figure 1. Acupuncture-related Chinese 
publications with the largest publication volume underwent 
three phases: a low-output period with <500 papers annu-
ally before 1980; an accelerated expansion with a com-
pound annual growth rate 8.42% from 1980–2015; and a 
stable phase after 2015. English publications on acupuncture 
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maintained steady growth from 1990, although emerging 
later, with an average annual growth rate of 7.73%. Both 
the Chinese and English literature showed consistent LIPUS 
growth with notable publication acceleration. The acupunc-
ture field demonstrates a substantial and maturing research 
base, whereas LIPUS-related research remains in a develop-
mental stage. These distinct developmental stages highlight 
opportunities for interdisciplinary collaboration between the 
two fields.

The PRISMA flow diagram (Figure 2) illustrates the 
systematic screening process for the six included studies 
in Table 1. These studies, published between 1987 and 
2024, primarily focused on the ST36 (Zusanli) acupoint. 
Specifically, one study investigated the REN4 (Guanyuan) 
and REN6 (Qihai) acupoints, while another study explored 
the combined effect of ST25 (tianshu) and ST36 (Zusanli). 
Data extraction was incomplete for one dataset in two of 
the studies, potentially due to the earlier implementation of 
these experiments when standardized protocols had not yet 
been established. Among the successfully extracted data, 
all studies adopted LIPUS parameters within the defined 
range (0.5–1.1 MHz; 0.5–1 W/cm2), with each treatment 
session lasting 5–20 min.

The results of the risk of bias assessment are also sum-
marized in Table 1. Among the six included studies and the 
four randomized controlled animal experiments assessed 
using the SYRCLE tool, two studies were judged as “Low” 
risk, one as “Moderate” risk, and one as “High” risk due to 
factors, such as the lack of blinding in experimental designs. 
The single randomized controlled trial, which was assessed 
using the RoB 2.0 tool, was rated as having “Some con-
cerns,” primarily arising from the selection of the reported 
result. The single non-randomized controlled trial assessed 
with the ROBINS-I tool was judged as “High” risk because 

the study was early with limitations in design and reporting. 
Overall, the methodologic quality of the included studies 
was heterogeneous, necessitating caution in interpreting the 
efficacy conclusions and highlighting the need for more rig-
orous designs in future research. The detailed information 
for each domain assessment is available in Supplementary 
Material 3.

The six included studies collectively demonstrated the 
therapeutic efficacy of LIPUS when applied to specific acu-
points, covering multiple clinical application fields. In terms 
of gastrointestinal regulation, LIPUS application at ST36 
has been shown to treat gastric mucosal damage in human 
trials [21] and to delay the recovery time of gastric emptying 
and enhance gastric function in diabetic rats [22, 23], achiev-
ing therapeutic effects comparable to acupuncture needles. 
For intestinal function regulation, LIPUS stimulation at 
bilateral ST36 or bilateral ST25 acupoints inhibit hyperac-
tive intestinal peristalsis and normalize intestinal function 
[24]. In terms of postoperative rehabilitation, the combined 
application of LIPUS and bee venom at REN4 and REN6 
significantly alleviate hip joint pain, reduce inflammation, 
and improve the range of motion of the joint after surgery 
[25]. Mechanistically, LIPUS stimulation at ST36 induced 
measurable changes in muscle tension around the acupoint, 
resembling the “de qi” sensation observed in traditional acu-
puncture [26].

Notably, three of the six studies used consistent param-
eters (1.1 MHz, 0.88 W/cm2, and 20-min sessions), sug-
gesting a potential standardization for clinical protocols. 
However, studies adopting other frequencies, intensities, 
or shorter treatment durations also demonstrated efficacy. 
These findings collectively highlight the capacity of LIPUS 
to modulate localized tissue mechanics and systemic physio-
logic functions through acupoint-related pathways.

Figure 1  Trends in the year of publication. The year of publication is shown on the x-axis. The annual publication count is displayed on a 
common logarithmic scale on the y-axis to facilitate visual comparison of growth trends despite the large disparity in absolute numbers.
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Discussion

Therapeutic spectrum of LIPUS in 
multiple diseases
LIPUS has emerged as a promising non-invasive therapeu-
tic modality with substantial therapeutic potential across 
multiple disease systems. The LIPUS applications are well-
established in musculoskeletal disorders [27], in which 
LIPUS primarily functions through multi-dimensional mod-
ulation of bone marrow-derived mesenchymal stem cell 
(BMSC) activity. LIPUS activates the IL-11–Wnt/β-catenin 
signaling pathway in bone healing to regulate BMSC differ-
entiation toward chondrogenesis, while suppressing adipo-
genesis, thereby accelerating fracture repair [7, 8]. LIPUS 
enhances the activity of BMSC-derived exosomes in osteo-
arthritis and directly induces calcium oscillations along with 
calcium-dependent autophagy of chondrocytes, mitigating 
cartilage damage [28]. Moreover, LIPUS improves BMSC 
homing ability, which optimizes the tissue-repair efficiency 
of stem cell-based therapies [29]. When combined with bio-
materials, LIPUS stimulates angiogenesis and the expression 
of osteogenic genes, activates the Piezo1 mechanosensitive 
channel, and ultimately promotes cell adhesion, migration, 
and osteogenic differentiation [30–32].

Notably, the therapeutic scope of LIPUS has expanded to 
include internal medicine and neurologic diseases, confirm-
ing the capacity for remote effects where the stimulation site 

is distant from the pathologic target [22, 33–38]. This remote 
efficacy suggests that LIPUS may engage systemic mecha-
nistic pathways beyond localized physical interactions.

LIPUS stimulation at the ST36 acupoint activates the 
RhoA/Rock pathway in the treatment of gastrointestinal 
motility disorders, which upregulates contraction markers, 
such as p-MLC and α-SMA in gastric smooth muscle cells. 
Simultaneously, LIPUS regulates the MALAT1/miR-449a/
DLL1 pathway of long non-coding RNA, inhibits fibrotic sig-
naling, restores smooth muscle function, and improves gas-
tric emptying. A 4-week LIPUS intervention (0.88 W/cm2; 
20 min/day) significantly enhanced the gastric emptying rate 
in diabetic gastroparesis rats from 32.21 ± 5.19% to 57.08 ± 
11.95% (P < 0.001) at 60 min. The gastric muscle strip con-
tractility of isolated gastric smooth muscle strips recovered 
from 0.65 ± 0.29 g to 1.16 ± 0.39 g (p < 0.01) [22]. When 
targeted at the spleen to stimulate the spleen nerve, LIPUS 
alleviated the immune response, regulated the proportion and 
function of CD4+ Treg and macrophages by activating the 
cholinergic anti-inflammatory pathway, and reduced heart 
inflammatory injury and improved cardiac remodeling [33].

LIPUS promotes the upregulation of neurotrophic fac-
tors in neurologic diseases, decreases inhibitory signaling 
pathways, enhances the stability of the blood-brain barrier, 
and suppresses the release of pro-inflammatory cytokines, 
thereby providing a non-invasive strategy to overcome the 
blood-brain barrier [10]. LIPUS may promote oligoden-
drocyte maturation and remyelination by down-regulating 
the interleukin-17A/Notch1 signaling pathway in ischemic 

Figure 2  Flow diagram of the study selection process.
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stroke, protect oligodendrocytes and neurons in the early 
stage after stroke, and promote long-term white mat-
ter repair and functional recovery [34]. LIPUS treatment 
improves neurologic outcomes in intracerebral hemorrhage 
and reduces glia-mediated inflammation by inhibiting 
PI3K/Akt-NF-κB signaling [35]. LIPUS exerts neurore-
storative effects in vascular dementia, likely through upreg-
ulation of hippocampal Fndc5/irisin levels [36]. Moreover, 
LIPUS treatment delayed disease onset from 93.8 to 98.2 
d and prolonged lifespan from 126.0 to 136.1 d in amyo-
trophic lateral sclerosis mouse models by significantly 
enhancing cerebral blood flow in the motor cortex by 
approximately 120.02%. This effect is mediated through 
preservation of vascular endothelial integrity and increased 
microvascular density, potentially via TRPV4 ion channel 
activation and accompanied by reduced expression of neu-
roinflammation-related genes [37]. In addition, abdominal 
LIPUS stimulation has been shown to enhance cognitive 
ability by reducing intestinal inflammation [38].

In the field of surgical disease, low-intensity ultrasound 
tibial nerve stimulation significantly prolongs the contrac-
tion interval and induces a latency period in bladder reflex 
inhibition, thereby improving bladder function [14]. The 
transducer probe was positioned approximately 1 cm above 
the inner ankle of Sprague-Dawley rats for ultrasound stim-
ulation, a location that coincides with the anatomic course 
of the Three Yin Meridians of the foot according to TCM 
meridian theory, which is commonly utilized for the treat-
ment of urinary system disorders.

Intriguingly, the effective stimulation sites for LIPUS 
in several of these conditions, such as the ST36 acupoint 
for gastrointestinal motility, the splenic region for cardiac 
inflammation, and the inner ankle area for urinary dysfunc-
tion, closely matches the classic acupuncture points used for 
similar disorders. This spatial correspondence suggests that 
the remote actions of LIPUS might share common ground 
with the meridian-based mechanisms hypothesized for 
acupuncture.

While this proposition requires further validation and 
mechanistic dissection, it undeniably offers a novel per-
spective for exploring the clinical effects of LIPUS. The 
non-invasiveness, remote efficacy, and compatibility with 
biomaterials and traditional medical theories highlight the 
significant translational potential for clinical practice.

Acupoint stimulation in disease 
management
Acupuncture, a well-established practice in TCM, involves 
the insertion of fine needles into specific skin locations, 
which are known as acupoints to manage various diseases. 
The distinctive feature lies in the ability to regulate visceral 
disorders by stimulating distal acupoints, a therapeutic effect 
grounded in the theory of meridians. For example, stimulat-
ing ST36 (Zusanli), a He-sea point of the Foot-Yangming 
Stomach Meridian on the lateral lower leg, can improve 
gastric function. Recent studies have further elucidated the 
underlying mechanisms and clinical efficacy of LIPUS, 
demonstrating that acupuncture exerts systemic regulatory 

effects often through modulating immune responses, allevi-
ating inflammation, or relieving symptoms.

Acupuncture has been widely applied in the management 
of chronic pain and shown to alleviate symptoms by revers-
ing abnormal glucose metabolism in some brain regions [39]. 
Acupuncture resulted in greater improvements in pain and 
joint function in patients with knee osteoarthritis compared 
to minimal or no acupuncture, although the benefits dimin-
ished over time [40]. When combined with transcranial direct 
current stimulation, acupuncture produced superior outcomes 
in pain relief and functional improvement, potentially linked 
to reduced brain functional connectivity [41]. Positive effects 
were also observed in pain-specific disability among patients 
with degenerative lumbar spinal stenosis and neurogenic 
claudication [42]. In addition, acupuncture reduced metha-
done dosage and opioid craving [43] with single-cell RNA 
transcriptomics and multi-omics analyses identifying the bile 
acid–galectin–interferon axis as a key mechanism [44].

Acupuncture serves as a safe and effective method for 
bidirectional immunomodulatory functions in oncology, 
offering a clinical effect on immune promotion in patients 
with malignant tumors and improving prognosis [45]. 
Acupuncture is also an effective modality for cancer care and 
symptom management [46]. Acupuncture, along with other 
Chinese medicine therapies, such as herbal compounds and 
extracts, complements conventional treatments and improves 
outcomes in breast cancer patients [47]. Furthermore, acu-
puncture can effectively alleviate nocturia in prostate can-
cer survivors [48, 49]. Acupuncture can enhance anti-tumor 
immune responses by promoting natural killer (NK) cell 
activity in modulating the tumor microenvironment, regulat-
ing macrophage M1/M2 polarization, and balancing helper 
T cell subsets, thereby alleviating tumor-associated immu-
nosuppression [50]. Acupuncture influences key pathways at 
the signal transduction level, including mammalian target of 
rapamycin (mTOR), nuclear factor-kappa B (NF-κB), and 
mitogen-activated protein kinases (MAPK), thereby reg-
ulating tumor cell proliferation, apoptosis, and inflamma-
tory responses in the microenvironment [51–53]. Regarding 
neuroimmune regulation, acupuncture acts through the neu-
ro-endocrine-immune network, such as the hypothalamic-
pituitary-adrenal axis and the vagus nerve pathway, to 
modulate the release of inflammatory cytokines and alleviate 
cancer-related fatigue and related symptoms [54]. Together, 
these mechanisms constitute the scientific basis for acupunc-
ture in comprehensive cancer care and provide a theoretical 
foundation for further application in oncology rehabilitation.

Acupuncture significantly improves symptoms of func-
tional dyspepsia, particularly epigastric pain and anxiety [55], 
through mechanisms, including enhanced gastric motility, 
regulation of brain-gut peptides, improved intestinal mucosal 
integrity, and alleviation of co-morbid psychological symptoms 
[56]. Acupuncture also ameliorates abdominal pain and stool 
consistency in diarrhea-predominant irritable bowel syndrome 
[57]. Electroacupuncture reduces the duration of postoperative 
ileus after laparoscopic gastrectomy for gastric cancer [58].

Acupuncture modulates obesity via the microbiota- 
gut-brain axis in metabolic and endocrine diseases, repre-
senting a complementary strategy to nutritional interven-
tions in restoring metabolic homeostasis [59]. Acupuncture 
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attenuates experimental autoimmune thyroiditis by mod-
ulating intestinal microbiota and palmitic acid metabolism 
[60]. When combined with an anti-inflammatory diet, acu-
puncture enhances mental health, reduces HbA1c levels, and 
decreases abdominal obesity effectively [61].

Acupuncture alleviates Th2 airway inflammation in 
allergic asthma by modulating lung CD11b+DC activities 
in respiratory diseases [62]. Target analyses suggested the 
potential in treating acute lung injury [63]. Acupuncture 
attenuates ferroptosis induced by myocardial ischemia/reper-
fusion injury via the Nrf2/HO-1 pathway [64]. Acupuncture 
improves white matter integrity on MRI, alleviates acute 
concussion symptoms, and reduces long-term neural dam-
age in neurologic disorders [65] with efficacy observed in 
mild traumatic brain injury [66]. Acupuncture also alleviated 
depressive-like behaviors induced by chronic social defeat 
stress by modulating synaptic plasticity in the vCA1 region 
of the hippocampus [67].

Acupuncture improves symptoms and quality of life 
in patients with diminished ovarian reserve by regulating 
the PI3K/AKT/mTOR pathway, increasing FSH receptor 
expression, and modulating anti- and pro-apoptotic pro-
teins. Treatment at specific acupoints, such as CV4 and 
SP6, demonstrates favorable outcomes and safety [68]. 
Acupuncture also improves reproductive outcomes and 
reduced pain and anxiety in women undergoing in vitro fer-
tilization [69]. Acupuncture potentially improves skin symp-
toms, emotional well-being, sleep quality, and overall quality 
of life in patients with chronic spontaneous urticaria without 
increasing adverse events, serving as a beneficial adjunct or 
alternative to conventional antihistamines [70].

Overall, stimulating acupuncture points can treat a diverse 
array of diseases, primarily through immune modulation, 
anti-inflammatory effects, and neuromodulation. These find-
ings support acupuncture as a versatile therapeutic modality 
across multiple medical disciplines.

Biomechanical mechanism of 
LIPUS on acupoints
Ultrasound has been extensively applied in medical imaging 
and diagnostic technologies, and the therapeutic potential 
has increasingly emerged in recent years. Based on spatial 
peak-temporal average intensity, ultrasound can be cate-
gorized into low-intensity ultrasound (≤3 W/cm2), which 
accelerates specific biological processes, and high-intensity 
ultrasound (>5 W/cm2), capable of selective tissue destruc-
tion. Both low- and high-intensity ultrasound can be used 
therapeutically, operating through thermal and non-thermal 
mechanisms. LIPUS refers to a form of ultrasound medi-
ated primarily by non-thermal effects, utilizing a pulsed-
wave mode that allows targeted delivery of ultrasonic 
energy to specific sites [2]. The effective penetration depth 
of ultrasound, typically ranging from 2–20 cm, depends on 
parameters, such as frequency, intensity, and tissue proper-
ties, enabling ultrasound to reach deep acupoint structures, 
like muscles and fascia beyond the skin and subcutaneous 
layers [71]. This penetration capability covers the common 
stimulation depth of traditional acupuncture, providing a 

physical basis for the non-invasive simulation of acupunc-
ture sensation. LIPUS exerts ultrasonic cavitation, mechan-
ical stress, and chemical effects [11, 72], and influences 
biological processes across organs, tissues, and cells via 
mechano-transduction, contributing to immunomodulation 
and anti-inflammatory responses (Figure 3) [73].

From a biophysical perspective, the core actions of LIPUS 
lie in its mechanical and cavitation effects. By inducing oscil-
latory shear stress in the extracellular matrix and strain on cel-
lular membranes at the acupoint, the deep tissue mechanical 
vibrations generated by LIPUS simulate the “Deqi” sensation 
of manual acupuncture, which often described as soreness, 
numbness, or distension. Simultaneously, the cavitation 
effect of LIPUS promotes local tissue fluid flow and meta-
bolic exchange, simulating the acceleration effect of metabo-
lism of acupuncture. Meanwhile, LIPUS can also trigger the 
release of bioactive substances from immune cells like mast 
cells to modulate the local microenvironment. Acupoints, dis-
tinct from ordinary tissue sites, are not only located in areas 
with concentrated neural innervation but are also enriched in 
regions with high densities of mast cells, lymphatic vessels, 
and arteriovenous plexuses [74]. Acupoint regions contain 
abundant collagen fibers, mechanosensitive nerve endings, 
and high-density mechanosensitive ion channels. This unique 
biomechanical microenvironment enables acupoints to spe-
cifically respond to mechanical stimuli like LIPUS, forming 
the structural basis for LIPUS-acupoint interaction.

LIPUS is sensed by cell-matrix adhesions through vincu-
lin at the cellular level, which in turn modulates the Rab5-
Rac1 pathway to control ultrasound-mediated endocytosis 
and cell motility. A similar FAK-Rab5-Rac1 pathway also 
controls cell spreading upon fibronectin [75]. LIPUS has 
been shown to promote proliferation and alter protein syn-
thesis in various cell types. For example, LIPUS enhances 
cyclin D1 expression by activating the GSK-3β/β-catenin 
signaling pathway, thereby promoting Schwann cell viabil-
ity and proliferation [76]. LIPUS also facilitates the prolif-
eration, differentiation, and migration of mesenchymal stem 
cells [29]. LIPUS inhibits inflammatory and catabolic pro-
cesses through the NF-κB pathway in human degenerative 
nucleus pulposus cells [77].

At the neural level the mechanical effects of ultrasound 
directly influence synaptic circuitry. Ultrasound induces 
excitatory postsynaptic currents with increased frequency 
and amplitude, which enhances glutamatergic synaptic 
transmission. Extracellular calcium influx, action potential 
firing, and synaptic transmission occur during ultrasound 
stimulation, recruiting recurrent excitatory network activ-
ity that persists for tens-to-hundreds of seconds [78]. When 
applied to acupoints, the mechanical vibrations of LIPUS 
directly stimulate the abundant nerve endings, transmitting 
signals via peripheral nerves to the central nervous system to 
regulate autonomic functions. This mechanism shares simi-
larities with the regulation of nerves in manual acupuncture 
but operates more gently.

The biomechanical stimulation induced by LIPUS at acu-
points can also achieve local and systemic immune modu-
lation depending on multi-level coordinated regulation of 
immune cells, soluble inflammatory mediators, and intra-
cellular signaling pathways. Specifically, LIPUS reduces 
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the count of peripheral blood leukocytes and local leukocyte 
infiltration to inflammatory sites, promotes the polariza-
tion of pro-inflammatory M1 macrophages toward anti-
inflammatory M2 phenotypes, and modulates T lymphocyte 
subsets. Concurrently, LIPUS prevents pro-inflammatory 
pathways, such as TLR, NF-κB, and p38-MAPK, which 
reduces the production of pro-inflammatory mediators, 
including IL-1β, TNF-α, and CXCL1, while activating the 
integrin, focal adhesion kinase (FAK), phosphatidylinositol 
3-kinase (PI3K), and serine-threonine kinase (Akt) pathway 
to enhance anti-inflammatory effects [11, 73]. In addition to 
direct regulation, LIPUS exerts indirect immunomodulation 
by inducting the secretion of extracellular vesicles (EVs). 
Lipus stimulates endothelial cells to produce EVs loaded 
with miR-99a and these EVs, upon uptake by CD4⁺T cells, 
regulate cell differentiation and metabolism by inhibiting the 
expression of mTOR and TRIB2, thereby increasing regula-
tory T cells (Treg) and decreasing T helper 17 cells (Th17) 
to suppress inflammation [79]. When stimulating BMSCs, 
LIPUS significantly promotes EV secretions and these 

LIPUS-induced EVs inhibit the MAPK pathway via miR-
328-5p/miR-487b-3p, exhibiting stronger anti-inflammatory 
activity than non-stimulated EVs [1]. In addition, LIPUS 
markedly inhibits the production of mature IL-1β in vitro and 
in vivo, a process closely associated with upregulating auto-
phagy levels and promoting the autophagy-related protein 
p62 (SQSTM1)-mediated degradation of pyruvate kinase 
muscle (PKM2) in macrophages [10]. Simultaneously, 
LIPUS enhances macrophage infiltration, reduces senescent 
cell accumulation, and activates the reactive oxygen species 
(ROS)-dependent p38-NF-κB pathway, further reinforcing 
the immunomodulatory effects [80].

Comparison between LIPUS and 
other non-invasive neuromodulation 
techniques

LIPUS was systematically compared to other mainstream 
non-invasive neuromodulation techniques to further clarify 

Figure 3  Biomechanical mechanism underlying LIPUS on acupoints and a comparison with manual acupuncture. LIPUS delivers 
non-invasive, quantifiable, and deep mechanical stimulation to acupoints, which are characterized by dense innervation, mast cells, and 
mechanosensitive ion channels. Cellular responses to LIPUS involve vinculin-mediated Rac1 activation and FAK-Rab5-Rac1 signaling, 
enhancing endocytosis, and cell motility. LIPUS modulates synaptic activity via calcium influx and glutamate release at the neural level, 
recruiting excitatory networks. Immunomodulatory effects include polarization of M2 macrophages, Treg/Th17 balance regulation via extra-
cellular vesicles, and adjustment of TLR, NF-κB, MAPK and FAK/PI3K/Akt pathways. Parallels with manual acupuncture are highlighted, 
emphasizing shared clinical efficacy and multiple mechanisms of LIPUS and manual acupuncture. Key abbreviations: FAK, focal adhesion 
kinase; Rab5, a GTPase regulating early endosome trafficking; Rac1, a Rho-family GTPase controlling actin dynamics; TLR, Toll-like 
receptor; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; MAPK, mitogen-activated protein kinase; PI3K, phosphati-
dylinositol 3-kinase; Akt, protein kinase B; TGF-β, transforming growth factor-beta; FBXL2, F-box and leucine-rich repeat protein 2; TRAF6, 
TNF receptor-associated factor 6; VEGF-eNOS, vascular endothelial growth factor - endothelial nitric oxide synthase pathway; IL-17/22/10, 
interleukin-17/22/10; Glu, glutamate; AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; NMDAR, N-methyl-D-as-
partate receptor. (Created in https://BioRender.com).
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the unique therapeutic position of LIPUS, including tran-
scranial magnetic stimulation (TMS), transcranial direct/
alternating current stimulation (tDCS/tACS), transcutaneous 
vagus nerve stimulation (tVNS), and transcutaneous electri-
cal nerve stimulation (TENS). Although all these techniques 
are non-invasive, fundamental differences in the energy 
forms, mechanisms of action, and therapeutic targets deter-
mine the respective unique advantages.

First, regarding energy form and penetration depth, TMS 
uses time-varying magnetic fields to induce electric fields 
intracranially and tDCS/tACS applies weak currents via 
extracranial electrodes, yet both struggle to target deep brain 
nuclei and the electric field intensity decays rapidly with 
tissue depth. tVNS and TENS stimulate peripheral nerves, 
such as the auricular branch of the vagus nerve and periph-
eral sensory nerves, via transcutaneous electrical currents 
with relatively superficial targets [81, 82]. In contrast, the 
mechanical pressure waves utilized by LIPUS are attenuated 
less in homogeneous soft tissues, enabling effective penetra-
tion of several centimeters. This feature allows non-invasive 
targeting of deep acupoint structures and deep neurovascular 
bundles located within muscles and fascia, a critical advan-
tage for meridian-based deep acupoint stimulation.

Second, the core mechanisms differ substantially. The 
abovementioned electrical or magnetic stimulation tech-
niques primarily modulate neuronal membrane potentials, 
which influence the excitation or inhibition balance of neural 
networks with the effects centered on neuro-electrophysio-
logic modulation [83, 84]. In contrast, the core mechanism 
underlying LIPUS is mechano-transduction. Consequently, 
the effects of LIPUS extend beyond neurons to directly reg-
ulate the biological functions of various non-neuronal cells, 
such as fibroblasts, immune cells, and mesenchymal stem 
cells, and can influence extracellular matrix synthesis and 
alignment. This dual capacity to modulate both neural and 
non-neural tissues forms a crucial biophysical basis for the 
ability to simulate the holistic effects of acupuncture.

In summary, compared to other non-invasive neuromodu-
lation techniques, LIPUS offers a unique deep-targeted mech-
ano-biological effect. LIPUS converts mechanical energy into 
broad cellular signaling, enabling coordinated modulation of 
neural circuits and the tissue microenvironment. This posi-
tioning establishes LIPUS not merely as a neuromodulation 
tool but as a tissue-level biophysical modulator capable of 
engaging in a profound dialogue with TCM meridian theory, 
offering a novel technological pathway for integrating mod-
ern biomechanics with traditional medical wisdom.

LIPUS regulates internal organ 
function through meridian effects

The mechanism underlying acupuncture

Current research involving the mechanisms underlying 
acupuncture has progressively deepened with the widely rec-
ognized pathways encompassing the nervous system, endo-
crine system, and immune system [17].

Acupuncture operates through specific neural pathways 
with notable functional differences between stimulation at 

acupoints and non-acupoints. Using retrograde tracing tech-
niques, it has been demonstrated that acupoint stimulation 
induces focused neural projections to regions, such as the 
primary motor cortex (M1), secondary motor cortex (M2), 
gigantocellular reticular nucleus (Gi), and ventrolateral peri-
aqueductal gray (VLPAG), whereas stimulation at subcuta-
neous non-points results in more diffuse and less specific 
projections [85]. The autonomic neural pathways activated 
by acupuncture are also selective and anatomically defined 
[86, 87]. For example, low-intensity electrostimulation at 
hindlimb regions drives the vagal-adrenal axis, producing 
anti-inflammatory effects that depend on NPY⁺ adrenal 
chromaffin cells, while high-intensity electrostimulation at 
the abdomen activates NPY⁺ splenic noradrenergic neurons 
via the spinal-sympathetic axis [88]. Stimulation at CV23 
(Lianquan), which is located in the depression superior to the 
hyoid bone, has been shown to ameliorate dysphagia through 
the M1-PBN-NTS neural circuit, which mediates the pro-
tective effect of electroacupuncture at CV23 on swallowing 
dysfunction [89]. Scalp acupuncture for neurologic disorders 
is also precisely matched with specific cortical targets [90].

Acupuncture also modulates the endocrine system, par-
ticularly through the hypothalamic-pituitary-adrenal (HPA), 
hypothalamic-pituitary-gonadal (HPG), and hypothalamic-
pituitary-thyroid (HPT) axes. Electroacupuncture negatively 
regulates the Nesfatin-1/ERK/CREB pathway to alleviate 
HPA axis hyperactivity and anxiety-like behaviors induced 
by surgical trauma [91]. Acupuncture also reduces leptin 
resistance [92] and has been shown to significantly decrease 
androgen levels in patients with polycystic ovary syndrome. 
This effect may be mediated through reduced neurotransmit-
ter secretion in the HPG axis and modulation of the HPA axis 
and its cortisol release [93].

Regarding immunomodulation, mast cells are recognized 
as a key cellular basis and an objective indicator of acupoint 
sensitization. When mechanical signals are transmitted to 
subcutaneous tissue, mast cell aggregation and degranula-
tion are induced. This mast cell aggregation and degranu-
lation lead to subsequent effects on surrounding structures, 
including blood vessels, muscles, and nerve endings, thereby 
mediating acupuncture effects and contributing to acu-
point, central, and peripheral sensitization processes [94]. 
Concurrently, local inflammatory cell infiltration occurs at 
acupoints, accompanied by increased levels of cytokines 
(e.g., IL-1β, IL-6, IL-8, TNF-α, and IL-4) and adhesion mol-
ecules (E-selectin and L-selectin). Furthermore, acupunc-
ture influences both specific and non-specific immunity by 
enhancing the number and function of phagocytes, increas-
ing the number and activity of natural killer cells, promoting 
the synthesis, secretion, and bioactivity of cytokines, and 
modulating serum complement levels, as well as regulating 
the production and secretion of immunoglobulins and facili-
tating cytokine secretion by T-helper lymphocytes.

It is important to note that these three systems do not oper-
ate in isolation, rather the nervous, endocrine, and immune 
systems interact and coordinate with each other, forming 
an integrated network essential for maintaining physiologic 
homeostasis. A representative example is ST36, historically 
and in contemporary practice one of the most frequently 
used acupoints, which has been extensively studied for distal 
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Figure 4  LIPUS stimulation at ST36 improves gastric function. LIPUS stimulation at the ST36 acupoint improves gastric function. LIPUS 
suppresses the TNF-α/IKKβ/NF-κB pathway, reducing inflammation and loss of interstitial cells of Cajal. Simultaneously, LIPUS activates the 
RhoA/Rock axis to upregulate contractile markers in gastric smooth muscle cells. Furthermore, LIPUS modulates the MALAT1/miR-449a/
DLL1 signaling axis, which downregulates fibrotic signaling and restoring smooth muscle contractility. These actions synergistically enhance 
gastric emptying and motility, mimicking the therapeutic effects of manual acupuncture and offering a non-invasive remote visceral regulation. 
Key abbreviations: MALAT1, metastasis-associated lung adenocarcinoma transcript 1 (long non-coding RNA); miR-449a, microRNA-449a; 
DLL1, delta-like ligand 1 (notch pathway ligand); TNF-α, tumor necrosis factor-alpha; IKK, IκB kinase; RhoA, Ras homolog family member A; 
RhoK, Rho-associated protein kinase; MLCP, myosin light chain phosphatase; MLC20, 20 kDa regulatory myosin light chain; MLCK, myosin 
light chain kinase. (Created in https://BioRender.com).

therapeutic effects. Acupuncture at ST36 activates local sig-
naling pathways, such as TRPV1/CaMKII/AMPK/PGC1α. 
As a thermosensitive and pain-sensitive receptor, TRPV1 
has a significant role in pain perception and inflammatory 
modulation. ST36 stimulation effectively promotes TRPV1 
expression and activity in muscle tissue, contributing to 
analgesic effects [95]. Electroacupuncture at ST36 activates 
neurons that subsequently regulate immune cell activity and 
cytokine balance, thereby suppressing severe inflammation 
in various diseases [96]. Moreover, stimulation at ST36 
helps maintain systemic homeostasis through modulation of 
neuroendocrine axes.

The mechanism underlying LIPUS for the 
treatment of visceral disease

LIPUS applied to acupoints on the body surface, specifically 
acupoints located along meridians defined in TCM theory, 
can effectively regulate visceral function. For example, 
LIPUS stimulation at ST36 significantly improved gastric 
motility dysfunction in a rat model of diabetic gastroparesis. 
This effect was achieved through suppression of the TNF-α/
IKKβ/NF-κB inflammatory signaling pathway, ameliorating 
damage to the interstitial cells of Cajal network, and directly 

promoting the recovery of gastric emptying [22]. At the 
molecular level, LIPUS concurrently activated the RhoA/
Rock pathway to upregulate contractile markers in gastric 
smooth muscle cells and modulated the MALAT1/miR-
449a/DLL1 axis by downregulating MALAT1 and DLL1, 
while upregulating miR-449a, thereby inhibiting fibrotic 
signaling and restoring smooth muscle function [23]. These 
coordinated actions synergistically enhance gastric smooth 
muscle contraction. Furthermore, LIPUS-induced changes 
in tissue tension at ST36 mimic the biomechanical effects 
of Deqi sensation in acupuncture, providing a mechanis-
tic basis for the non-invasive therapeutic advantage [26] 
(Figure  4). Importantly, the mechanisms described above 
are directly supported by experimental evidence from pub-
lished LIPUS studies, rather than being inferred from the 
acupuncture literature.

Together, these findings demonstrated that LIPUS func-
tions through a multi-target synergistic mechanism, enabling 
non-invasive and targeted therapy from the body surface 
and highlighting the potential as a novel treatment strat-
egy for some visceral disorders. LIPUS offers quantifiable 
stimulation parameters, controllable energy delivery, and 
non-invasive deep-tissue penetration compared to traditional 
acupuncture, providing a technological innovation for the 
modernization of TCM.
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Shared mechanisms and advantages of 
LIPUS over acupuncture

LIPUS and acupuncture share fundamental biological mech-
anisms, primarily engaging the nervous, endocrine, and 
immune systems to achieve multi-dimensional regulation of 
both local and distal tissue functions.

At the neural level, both modalities exhibit acupoint spec-
ificity and function mediated via neural pathways. Each 
modality demonstrates differential effects between acupoint 
and non-acupoint stimulation. Acupuncture activates periph-
eral sensory nerve fibers through mechanical stimulation, 
projecting signals to the central nervous system and driving 
autonomic pathways. In contrast, LIPUS employs non-ther-
mal mechanical energy to penetrate deep tissues and directly 
modulate synaptic circuitry. In addition, both modalities 
facilitate distal functional modulation through neural signal-
ing. For example, acupuncture improves swallowing function 
via the M1-PBN-NTS circuit, while LIPUS restores gas-
tric motility in diabetic gastroparesis rat models, reflecting 
a shared “acupoint - central nervous system - target organ” 
logic. Differences lie in the initiation of neural activation and 
molecular mediation. Acupuncture relies on direct sensation 
at peripheral nerve endings and can enhance effects via aden-
osine release and A1 receptor upregulation, whereas LIPUS 
triggers synaptic changes through biomechanical stress, con-
verting mechanical signals into neural responses.

Regarding endocrine mechanisms, both modalities con-
tribute to the functional homeostasis of target organs through 
pathway modulation. Acupuncture directly regulates classic 
endocrine axes, such as the HPA and HPG axes, to pre-
cisely control hormone secretion. Although LIPUS does 
not directly engage these axes, LIPUS upregulates contrac-
tile markers in gastric smooth muscle cells via RhoA/Rock 
activation and modulates the MALAT1/miR-449a/DLL1 
axis to suppress smooth muscle fibrosis, thereby indirectly 
maintaining endocrine microenvironment homeostasis in 
digestive tissues. However, acupuncture exerts broader and 
more direct regulatory effects on multiple endocrine axes 
related to stress, reproduction, and metabolism, while evi-
dence for LIPUS in endocrine regulation remains limited 
and organ-specific.

In terms of immunomodulation, both modalities reg-
ulate pro- and anti-inflammatory balance and mediate 
cellular immune responses. Acupuncture reduces pro-in-
flammatory cytokine release and activates the cholinergic 
anti-inflammatory pathway, while LIPUS directly suppresses 
the TNF-α/IKKβ/NF-κB pathway and stimulates mesen-
chymal stem cells to secrete anti-inflammatory extracellu-
lar vesicles, additionally alleviating oxidative stress via the 
PI3K-Akt/Nrf2 axis. Second, both rely on cellular signaling. 
Acupuncture involves mast cells as key sensitization actors 
and modulates innate immunity through phagocytes and NK 
cells, whereas LIPUS primarily influences immune responses 
via mesenchymal stem cell activation. Nevertheless, acupunc-
ture provides systemic immunomodulation covering innate 
and adaptive immunity, while the immunoregulatory role 
of LIPUS appears more localized, focusing on NF-κB sup-
pression and specific cell types without clearly documented 
effects on the complement system or adaptive immunity.

Notably, LIPUS offers distinct clinical advantages, includ-
ing non-invasive deep-tissue targeting, standardized energy 
delivery, and avoidance of needle-related risks, particu-
larly at high-risk acupoints on the chest and back, which 
improves patient compliance and reduces operator variability. 
Fundamentally, LIPUS and acupuncture (including electroac-
upuncture) share the same therapeutic logic (i.e., delivering 
precise physical energy to acupoints to modulate the intercon-
nected nervous, endocrine, and immune systems for remote 
visceral regulation). This logic is reflected in the common bio-
logical outcomes, such as activating shared neural pathways, 
suppressing pro-inflammatory signaling, and promoting tissue 
repair. The primary distinction lies in the energy form and ini-
tial transduction. Acupuncture or electroacupuncture utilizes 
mechanical pressure or electrical currents, which directly 
engage neuronal membranes and induce neurochemical 
release. In contrast, LIPUS employs mechanical waves that 
act via mechano-transduction, ultimately converging on simi-
lar downstream pathways. These mechanistic parallels under-
score the significant potential of LIPUS. By building upon 
the established framework of acupuncture, LIPUS presents a 
promising, non-invasive, and quantifiable modality worthy of 
further clinical exploration in acupoint-based therapy.

Parameter standardization and clinical 
translation prospects

Current studies reveal considerable heterogeneity in LIPUS 
parameters, which limits clinical reproducibility and trans-
lation. Building on available evidence and informed by 
the TCM principles of supplementation and draining, we 
propose a preliminary parameter optimization framework. 
Milder stimulation with lower frequency, lower intensity, 
and shorter duration is suggested for deficiency patterns 
(supplementation). Stronger stimulation with higher fre-
quency, higher intensity, and longer duration may be consid-
ered for excess patterns (draining). Although this framework 
stems from theoretical extrapolation and requires empirical 
validation, the framework offers an initial roadmap for sys-
tematically investigating parameter-efficacy relationships.

It is important to recognize that different acupoints require 
distinct parameter settings due to variations in the anatomic 
and physiologic features. For example, ST36, located in the 
tibialis anterior muscle with relatively thick soft tissue, is suita-
ble for deep stimulation. In contrast, REN4/REN6 on the abdo-
men has thinner subcutaneous tissue and proximity to abdom-
inal organs, necessitating lower intensity to avoid deep tissue 
injury. This acupoint-parameter-efficacy correspondence sug-
gests that future parameter optimization should integrate local 
anatomy, target tissue depth, and TCM pattern differentiation 
to enable personalized and precise therapeutic interventions.

As a non-invasive modality, LIPUS exhibits a favorable 
short-term safety profile with adverse reactions generally 
limited to local warmth or mild erythema. However, poten-
tial long-term or cumulative effects on local tissues, neural 
integrity, and immune function remain unclear. Furthermore, 
for acupoints located over the chest, back, or projections of 
vital organs, stimulation intensity and depth should be care-
fully controlled to avoid unnecessary mechanical or thermal 
effects on the heart, lungs, and other structures.
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Looking forward, LIPUS holds considerable promise 
for clinical translation and integrative medicine. The non-
invasive nature, quantifiable parameters, and favorable 
patient tolerance make LIPUS suitable for long-term and 
even home-based therapeutic settings. LIPUS can be syner-
gistically combined with traditional acupuncture, moxibus-
tion, and herbal medicine to form multimodal integrative 
regimens, thereby extending applications to internal medi-
cine fields. Advancing multicenter randomized controlled 
trials, dose-response studies, and device standardization 
will facilitate the integration of LIPUS into evidence-based 
guidelines for integrative medicine, ultimately promoting the 
standardized adoption of this meridian-based biophysical 
intervention in modern healthcare systems.

Potential challenges

Despite the promising therapeutic potential of LIPUS in 
modulating organ function via meridian mechanisms, the 
clinical translation of LIPUS faces several conceptual and 
practical challenges.

First, a contradiction exists between the standardiza-
tion and personalized application of treatment parameters. 
Parameters, such as frequency, intensity, pulse characteris-
tics, and duration, vary considerably across studies, compli-
cating cross-trial comparisons and clinical reproducibility. 
Moreover, tissue heterogeneity and individual variability in 
meridian responses make establishing universal parameters 
exceedingly difficult. The parameter optimization frame-
work based on TCM principles of supplementation and 
draining remains a theoretical hypothesis, awaiting rigorous 
validation in well-designed dose-response studies.

Second, a translational gap exists from animal models to 
human efficacy. Although preclinical studies have revealed 
neural-endocrine-immune mechanisms shared by LIPUS 
and acupuncture, animal experiments, conducted under con-
trolled conditions using homogeneous strains and induced 
pathologies, cannot fully replicate the complexity of human 
chronic diseases. Species-specific differences in anatomy, 
physiology, and immune response add another layer of 
uncertainty. The promising results from rodent models of 
diabetic gastroparesis or neuroinflammation require con-
firmation in human populations with diverse genetic back-
grounds, comorbidities, and lifestyles.

Third, the mechanism of action is not fully elucidated and 
a unified evaluation system across studies is lacking. The 
precise process by which the mechanical energy of LIPUS 
is transduced into biochemical signals within the merid-
ian system remains unclear. Concurrently, the field suffers 
from a disconnect in evaluation metrics between basic and 
clinical research. Animal studies rely on molecular and 
functional endpoints, while clinical trials often prioritize 
patient-reported outcomes and gross functional measures. 
This disconnect makes it difficult to directly correlate mech-
anistic findings with clinical efficacy, hindering the rational 
development of biomarkers for treatment response. Future 
research could bridge this gap by incorporating translatable, 
objective biomarkers into clinical trial designs.

In conclusion, overcoming these challenges requires the 
following concerted efforts: establishing dose-response rela-
tionships through large-scale randomized controlled trials with 
sham controls; optimizing parameters based on biological 
effects and personalized principles; developing translatable, 
objective biomarkers to bridge basic and clinical research; and 
fostering interdisciplinary collaboration to merge meridian the-
ory with modern biomechanics and systems biology. Exploring 
the synergistic potential of LIPUS with existing acupuncture 
treatments holds promise for pioneering integrative therapeutic 
strategies. Ultimately, merging meridian theory with biome-
chanics will not only deepen our understanding of LIPUS but 
also promote acceptance in evidence-based medical practice.
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