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Critical care ultrasound (CCUS) has emerged as a vital tool in modern critical care medicine (CCM), revolutionizing the assessment and management of critically ill patients. CCUS provides real-time insights into patient conditions and enables physicians to analyze the underlying mechanisms and pathophysiology of critical illnesses based on established theories and clinical needs, ultimately visualizing the phenotypes of patients and guiding clinical practice. The innovations of wearable ultrasound and the incorporation of artificial intelligence are further reshaping and broadening its application. This review underscores the importance of CCUS as an integral component of CCM, highlighting its development, current applications, and future directions. In addition, questions are raised regarding the standard training and guidelines of CCUS needing to be addressed in the near future.
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1 Introduction

In recent years, critical care medicine (CCM) has undergone rapid advancements. These developments are evident not only in the updates to diagnostic and therapeutic concepts and techniques but also in the increasing demand from clinicians for dynamic assessment and monitoring of patient’s conditions. In this context, critical care ultrasound (CCUS) has emerged. CCUS is a problem-oriented and dynamic evaluation process that employs ultrasound technology, guided by the principles of CCM, to address specific issues in critically ill patients through a multi-targeted and integrated approach (1). It is essential for determining treatment direction, particularly in guiding hemodynamic management and enabling precise adjustments. CCUS represents a significant integration of CCM with ultrasound technology. This article explores the development and evolution of CCUS within the field of CCM.



2 Methods


2.1 Eligibility criteria

The inclusion criteria were as follows: (1) peer-reviewed original articles, systematic reviews, meta-analyses, evidence-based guidelines, and clinical protocols; (2) publications dated prior to November 2024; (3) publications focused on the history of the development and evolution of CCUS, clinical applications in CCM, advanced wearable ultrasound technologies, artificial intelligence integration in ultrasound, and standardized training methodologies. The exclusion criteria were as follows: (1) case reports, editorials, or non-English publications without validated translations; (2) studies not directly applicable to emergency or intensive care clinical contexts.



2.2 Information sources and search strategy

This review was conducted through a systematic search of PubMed, Web of Science, Embase, and China National Knowledge Infrastructure (CNKI) databases. Our search strategy incorporated both Medical Subject Headings (MeSH) and free-text keywords, structured into four conceptual domains: (1) Critical care concepts: “intensive care” OR “critical care” OR “intensive care unit” OR “ICU” OR “emergency medicine”; (2) Ultrasound terminology: “point-of-care ultrasound” OR “POCUS” OR “critical care ultrasound” OR “CCUS” OR “bedside ultrasound” OR “echocardiography”; (3) Technology innovations: “artificial intelligence” OR “deep learning” OR “machine learning” OR “wearable devices” OR “wearable ultrasound”; (4) Clinical applications: “diagnosis” OR “monitor” OR “phenotype” OR “procedural guidance”.



2.3 Selection process

Two independent reviewers screened all identified articles for relevance. Discrepancies were resolved through consensus discussion or, when required, by consultation with a third reviewer. For eligible studies, both reviewers independently extracted data using a standardized form that included: (1) study characteristics: authors, publication year, study design, and sample size; (2) CCUS applications: diagnostic uses, monitoring approaches, and procedural guidance; (3) technological specifications: AI algorithms employed, and device types utilized; (4) clinical outcomes: diagnostic accuracy, and measured clinical impact; and (5) study limitations with potential biases.




3 From traditional ultrasound to critical care ultrasound


3.1 Traditional ultrasound: laying the foundation

In 1942, Austrian neurologist Karl Theodore Dussik reported the first case of using ultrasound technology to diagnose a brain tumor, marking the beginning of the medical ultrasound era (2). In the 1950s, a research team led by Ian Donald developed the first medical diagnostic ultrasound device (3). Through the dedicated efforts of professionals across diverse disciplines, including medicine, engineering, and electronics, ultrasound technology has achieved milestone breakthroughs. Its non-invasive nature, real-time imaging capabilities, and cost-effectiveness have made it an indispensable tool in clinical practice (4). In routine diagnostic workflows, ultrasound examinations are generally conducted in radiology departments by radiologists or cardiologists who have undergone rigorous training. However, this process involves several sequential steps, including clinical reception, request issuance, image acquisition, report writing, and review. Consequently, the information provided by traditional ultrasound examinations can be somewhat delayed, which poses challenges in addressing the urgent need for immediate evaluation in critical scenarios.



3.2 Point of care ultrasound: revolutionizing bedside care

Between the 1980s and 1990s, real-time imaging and Doppler ultrasound technology underwent significant advancements, and more portable and accurate ultrasound equipment was developed and popularized. These innovations facilitated the transition of ultrasound technology from a specialized domain to routine use at the bedside (4–7). Point-of-care ultrasound (POCUS), also known as targeted, clinical, or goal-directed ultrasound examination, has been extensively utilized in emergency medicine and CCM since the 1990s (8). In 1990, the American College of Emergency Physicians (ACEP) published a POCUS statement delineating five key areas of its practice: resuscitation, diagnosis, symptom or sign-based evaluation, procedural guidance, therapeutic and monitoring (9). As clinicians perform ultrasound examinations directly, the focus of assessments and image interpretations closely aligns with clinical needs. POCUS enables healthcare teams to acquire real-time bedside imaging for rapid clinical assessment in high-risk environments and aids clinicians in safely performing invasive procedures. This capability allows for timely adjustments to examination and treatment strategies in response to the various stages of disease progression, thereby revolutionizing bedside care.



3.3 Critical care ultrasound: advancing structured assessment

Between 1995 and 2009, Daniel Lichtenstein published a series of pioneering studies on applying lung ultrasound (LUS) techniques in diagnosing and treating critically ill patients (10–15). During this transformative period, the practice of ultrasound examination evolved considerably, shifting from a narrow focus on evaluating specific organs or anatomical sites to a more integrative approach that encompasses multiple regions of interest. This evolution led to the development of comprehensive and systematic ultrasound protocols, enhancing the overall diagnostic capabilities in critical care settings.

One of the foundational advancements in this field was introduced in the 1990s by Rozycki et al., who developed the focused assessment with sonography for trauma (FAST) protocol. This innovative approach was initially designed for the rapid evaluation of trauma patients which was later expanded to include the assessment of pneumothorax, resulting in the Extended FAST (E-FAST) protocol (16–18). Subsequently, ultrasound examination protocols tailored to various clinical scenarios were progressively developed and refined. Notable examples include the bedside lung ultrasound in emergency (BLUE) protocol, which is utilized for the assessment of acute respiratory failure and hypoxemia (10, 15); the rapid ultrasound in shock (RUSH) protocol, aimed at evaluating patients in shock (19); the cardiac arrest ultrasound exam (CAUSE), which assists in the assessment of patients experiencing cardiac arrest (20); and the fluid administration limited by lung sonography (FALLS), designed to guide fluid management in critically ill patients (21). These groundbreaking studies enriched the application of ultrasound examinations in clinical practice and advanced the field of CCUS by promoting structured and modular assessment strategies. The importance of CCUS has become particularly evident in the context of global health crises, such as the COVID-19 pandemic. The implementation of level-3 protection requirements in intensive care units (ICU) further underscored the necessity of CCUS (22, 23) (Figure 1).
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FIGURE 1
 Critical care ultrasound evolution.


In the past few decades, CCUS has undergone a paradigm shift from a tool for diagnosis and procedural assistance to monitoring, moving its focus from a qualitative toward a quantitative assessment of pathologic processes (24). The dynamic nature of critical illness necessitates frequent bedside evaluations, as conditions can deteriorate rapidly. Prompt recognition of these changes is crucial, as timely therapeutic interventions can significantly impact patient outcomes. CCUS has emerged as an invaluable asset in this context, offering high-frequency dynamic monitoring that enables clinicians to closely track patients’ conditions in real-time. By providing critical information such as changes in hemodynamic parameters following interventions, CCUS allows healthcare providers to evaluate the effectiveness of treatments and adjust their strategies accordingly. Furthermore, it aids in analyzing the underlying mechanisms and pathogenesis associated with various critical illnesses. This comprehensive approach not only enhances the understanding of patient conditions but also plays a pivotal role in guiding clinical practice, ensuring that interventions are both timely and appropriate. As a result, CCUS has solidified its position as an essential tool in the critical care setting, contributing significantly to improved patient management and outcomes.




4 Visualization of critical illness

The foundation of ultrasound-guided clinical practice in critical care lies in the ability to identify specific phenotypes of pathophysiological disorders and their underlying mechanisms. This understanding is crucial for informing subsequent organ support, protection, and etiological treatment. The process of visualizing critical illness involves three key steps: First, abnormalities in ultrasound images must be identified, including structural, morphological, hemodynamic, and motion-related anomalies. Second, the information represented behind the images should be interpreted and summarized, including pathophysiological changes, host responses, iatrogenic injuries, primary causes, and underlying conditions. Finally, multidimensional sonographic findings should be integrated with clinical data to construct a comprehensive phenotype of the pathophysiological disorders. The “Tripartite List” method proposed by Qin et al. provides a framework for clinicians to systematically organize objective abnormalities along established pathways. This structured approach aids clinicians in identifying the most critical issues within complex clinical contexts and in formulating targeted strategies (25) (Table 1).


TABLE 1 Tripartite list for visualizing critical illness.


	Module
	Step 1: Examination
	Step 2: Interpretation
	Step 3: Phenotype

 

 	Intravenous volume 	Inferior vena cava 	Morphology and diameter of the long axis 	(1) Venous volume overload
 (2) Venous volume intermediate state
 (3) Venous volume deficit 	Hemodynamic phenotype:
 (1) Macrocirculatory hemodynamic phenotype
 (2) Microcirculatory hemodynamic phenotype
 (3) Organ hemodynamic phenotype


 	Morphology and diameter of the short axis


 	Respiratory variability


 	Hepatic vein 	Doppler systolic peak and diastolic peak


 	Portal vein 	Pulsatility index


 	Renal vein 	Doppler blood flow continuity


 	Heart 	Chambers 	Size (pericardium, atrium, ventricle) 	Cardiac pump function:
 (1) Underlying disease
 (2) Volume status and responsiveness
 (3) Right heart function
 (4) Left heart diastolic function
 (5) Left heart systolic function
 Ventriculoarterial coupling:
 (1) High output with low vascular tone (hyperdynamic shock)
 (2) Low output with high resistance (hypodynamic shock)
 (3) Low output with low vascular tone)
 (1) Normal tissue perfusion
 (2) Low tissue perfusion
 (3) Non-perfusion
 (1) Acute or Chronic
 (2) Diffuse or limited
 (3) Unilateral or Bilateral
 (4) Gravity-dependent or non-gravity-dependent
 (5) Normal ventilation or hyperventilation or hypoventilation 	Pulmonary pathophysiological abnormalities:
 (1) Interstitial syndrome
 (2) Focal deaeration
 (3) Atelectasis of non-gravity-dependent regions
 (4) Atelectasis of gravity-dependent regions
 Host-organ unregulated response:
 (1) Stress disorder (increased respiratory and circulatory drive, takotsubo syndrome)
 (2) Inflammatory response (vasoplegic syndrome, vascular leak)
 Primary disease:
 (1) Focus of infection
 (2) Trauma
 (3) Bleeding
 Secondary changes in chronic disease:
 (1) Hypertension
 (2) Chronic obstructive pulmonary disease
 (3) Chronic kidney disease
 Iatrogenic wound:
 (1) Fluid overload
 (2) Hypostatic pneumonia


 	Morphology


 	Ratio of size


 	Walls 	Thickness


 	Motion 	Hyperkinetic


 	Hypokinetic


 	Incoordination


 	Segmental abnormality


 	Valves 	Stenosis


 	Insufficiency


 	Vegetation


 	Flow 	Direction 	Antegrade flow


 	Regurgitation


 	Shunt


 	Velocity


 	Spectrum analysis


 	Peripheral resistance 	Snuff-box Resistive Index (SBRI)


 	Tissue Perfusion 	Renal Doppler Resistive Index (RDRI) 	Clearly visible diastolic blood flow


 	Decreased diastolic blood flow


 	Blood flow is visible only during the systolic phase of a cardiac cycle


 	Lung 	Twelve zones 	A-lines


 	B-lines


 	Shred sign


 	Tissue-like pattern


 	Air bronchogram


 	Pleural effusions


 	Lung sliding


 	Seashore sign


 	Lung pulse


 	Lung point




 

The ultrasound-guided six-step shock assessment is an example of how hemodynamic principles can be applied to evaluate various aspects of shock. By evaluating the inferior vena cava, right heart function, left ventricular systolic and diastolic function, vascular tone, and tissue perfusion, clinicians can gain a comprehensive understanding of a patient’s volume status, preload and volume responsiveness, cardiac pump function, peripheral vascular resistance, and peripheral perfusion (26). This methodology supports the visualization of hemodynamic phenotypes, enhancing overall shock management in clinical practice. Similarly, the 12-zone LUS protocol allows for the visualization of water-gas ratio characteristics across the lung (23, 27). Wang et al. used machine learning to construct seven pulmonary ultrasound phenotypes covering both gravity-dependent and non-gravity-dependent regions based on the 12-zone imaging and further explored the proportion of each phenotype in severe pneumonia, ARDS, and cardiogenic pulmonary edema (28). However, as a single-center study, its findings were constrained by the quality and diversity of the training data. The identified phenotypes lacked external validation, which may compromise their reproducibility.



5 Clinical application of critical care ultrasound in ICU


5.1 See first, then intervene

The concept of “see first, then intervene” underscores the importance of visualizing the underlying pathology before initiating treatment. For example, when encountering circulatory failure, it is important to differentiate the type of shock the patient is experiencing, as circulatory failure is categorized into four types of shock: obstructive, cardiogenic, distributive, and hypovolemic, each of which must be treated differently (29). Moreover, patients in the ICU often present with multifactorial conditions, sometimes multiple shocks can overlap, making diagnosis and treatment difficult. CCUS provides real-time, bedside imaging that allows clinicians to directly observe the physiological and pathological changes in critically ill patients. This immediate visual feedback enables more accurate diagnoses and tailored therapeutic strategies.



5.2 Rapid stabilization of vital signs

The characteristics of critical illnesses necessitate a more rapid response and higher quality management of critically ill patients. Traditional clinical practice often relies on previously obtained imaging results and static laboratory indicators, which may not be enough when a patient’s condition changes. With the CCU, clinicians can obtain dynamic, real-time, and direct insights into anatomical structures and organ function. This enables clinicians to identify life-threatening and reversible conditions and execute timely and safe interventions. For example, combining the BLUE and FALLS protocols effectively addresses the diagnostic and therapeutic needs associated with acute respiratory and circulatory failure (Figure 2). Integrating CCU into routine patient reception and ward rounds reduces redundancy in various clinical data and decision-making time, enhances the quality and efficiency of clinical practice, optimizes the utilization of medical resources, and facilitates rapid stabilization of patients’ vital signs.
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FIGURE 2
 Bedside ultrasound evaluation of acute respiratory and circulatory failure.




5.3 Critical care ultrasound in ward rounds

The visualization of clinical ward rounds based on CCU aims at the intentional collection of ultrasound information relevant to specific clinical problems, rapid identification of etiology, urgent interventions to stabilize the patient’s vital signs, and observation and re-evaluation of treatment outcomes, thereby enabling personalized and precise care (30). First, clinicians should conduct a systematic review and analysis of existing data to summarize the primary and synergistic clinical problems. Second, they should establish the objectives and develop a protocol for subsequent ultrasound examinations, selectively acquiring key ultrasound information that directly addresses clinical issues. Clinicians are also expected to focus on screening for etiologies and, when necessary, perform invasive procedures under ultrasound guidance. The third step involves a comprehensive interpretation of the core issues and relevant ultrasound images, allowing for a deeper exploration of the pathophysiological changes and their associations with underlying diseases, primary conditions, and iatrogenic injuries. The fourth step involves constructing phenotypes of critical illness using the previously described “Tripartite List” method. In the fifth step, a hierarchical treatment plan and corresponding objectives are developed, including treating underlying etiologies, managing dysregulated host responses, and supporting and protecting affected organs according to the identified phenotypes. Finally, acquiring feedback and making timely adjustments such as stepped-down treatment and rehabilitation training is crucial. Additionally, the integration of CCUS with electronic health records can facilitate data sharing and improve the continuity of care, ensuring a safe transition for the patient through various stages of treatment (Figure 3).
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FIGURE 3
 Critical care ultrasound in ward rounds.





6 Ongoing changes in critical care ultrasound


6.1 Wearable ultrasound and continuous monitoring

Advancements in microelectronics technology and materials science have led to breakthroughs in the miniaturization of ultrasonic imaging equipment. Wearable ultrasound technology enhances the convenience and flexibility of data collection, facilitating continuous monitoring and tracking of organ function within the intensive care unit. Furthermore, this technology contributes to a deeper understanding of complex pathophysiological processes, thereby advancing personalized and precision medicine.

In 2017, Liu, et al. introduced the concept of “continuous echocardiographic monitoring” in the Journal Anesthesia & Analgesia (31). This team developed a wearable color Doppler ultrasound diagnostic instrument that can be utilized in various clinical scenarios, including the continuous monitoring of cardiac function in patients with heart failure, the ultrasound-guided monitoring during minimally invasive cardiac surgeries, the ongoing assessment of patients in shock, and the pre-hospital emergency treatment and transport of critically ill patients. This innovation addresses the limitations of traditional ultrasound probes, which cannot maintain fixed imaging sections for continuous monitoring. Xu, et al. improved the mechanical coupling between the device and human skin through innovations in device design and material fabrication, allowing the evaluation of cardiac function from different views during motion. They also developed a deep learning model that automatically extracts the left ventricular volume from the continuous image recording, yielding waveforms of key cardiac performance indices such as stroke volume, cardiac output, and ejection fraction (32). Apart from cardiac function monitoring, the bioadhesive ultrasound device developed by Zhao, et al. can provide 48 h of continuous imaging of diverse internal organs, including blood vessels, muscle, heart, gastrointestinal tract, diaphragm, and lung, thereby facilitating long-term multi-organ function monitoring (33). Subsequently, this team also developed a novel wearable bioadhesive ultrasound shear wave elastography, which can continuously monitor liver stiffness in a rat model of acute liver failure (34). This achievement is expected to assist organ transplantation monitoring in the ICU.

The development of patch-based ultrasound has made it possible to continuously and autonomously monitor physiological signals from deep tissues. In 2018, Xu, et al. published an ultrasonic device that is conformal to the skin in Nature Biomedical Engineering. This device is capable of capturing blood-pressure waveforms at deeply embedded arterial and venous sites and enabling the non-invasive, continuous, and accurate monitoring of cardiovascular events from multiple body locations (35). In 2024, the team reported a fully integrated autonomous wearable ultrasonic-system-on-patch with machine learning designed to track moving tissue targets and assist in data interpretation, which can continuously monitor physiological signals, including central blood pressure, heart rate, and cardiac output, for as long as 12-h (36). The same year, another article detailed a conformal ultrasound patch for hands-free volumetric imaging and continuous monitoring of cerebral blood flow during different interventions. This patch can also identify intracranial B waves during drowsiness (37). Accurate and continuous monitoring of cerebral blood flow is of great value for the diagnosis and treatment of neurocritical care patients, as well as for fundamental research in neurovascular dynamics.

While innovative wearable ultrasound and continuous monitoring technologies show promise, most evidence originates from early-stage feasibility studies. Therefore, there are still some limitations. Most of the research subjects were healthy volunteers or animal models (32–37), and there was a lack of research data on actual patients and clinical outcomes, such as mortality reduction or workflow efficiency (31). While recent technological advances have simplified ultrasound acquisition, operator expertise remains crucial for probe positioning and angle optimization, image interpretation, and quality control. It was not reported in detail whether the operational level and technical differences would affect the measurement results. Moreover, technological disparity risks exacerbating global healthcare inequalities, as resource-limited institutions struggle to adopt these innovations (Table 2).


TABLE 2 Revolutionary applications of wearable ultrasound devices.


	Year
	Researcher
	Contribution

 

 	2017 	Jin Liu (31) 	Tailored holder for continuous echocardiographic monitoring.


 	2018 	Sheng Xu (35) 	Monitoring of the central blood pressure waveform via a conformal ultrasonic device.


 	2022 	Xuanhe Zhao (33) 	Bioadhesive ultrasound for long-term continuous imaging of diverse organs.


 	2023 	Sheng Xu (32) 	A wearable cardiac ultrasound imager.


 	2024 	Sheng Xu (36) 	A fully integrated wearable ultrasound system to monitor deep tissues in moving subjects.


 	2024 	Xuanhe Zhao (34) 	Wearable bioadhesive ultrasound shear wave elastography.


 	2024 	Sheng Xu (37) 	Transcranial volumetric imaging using a conformal ultrasound patch.




 



6.2 Artificial intelligence and deep learning

In recent years, advancements in artificial intelligence (AI) have accelerated revolutionary breakthroughs in the application of ultrasound technology, particularly in the fields of automated image recognition and analysis, prediction models, and decision-making support. The application of AI in the automated recognition and analysis of ultrasound images primarily relies on deep learning techniques. Convolutional neural networks are widely employed for feature extraction and classification in ultrasound imaging, including image quality control, automatic classification of echocardiographic views, segment of cardiac structures, and quantification of cardiac function, effectively identifying pathological changes such as segmental wall motion abnormalities, cardiomyopathy, and pericardial effusion (38, 39). Additionally, AI has been applied to hemodynamic measurements such as left ventricular ejection fraction (LVEF) and left ventricular outflow tract velocity time integral (VTI) (40). It is also used to detect potential pathological changes in LUS, assess ICU-acquired weakness in muscle ultrasound, and evaluate gastric contents and antrum function through gastric ultrasound (41–43).

In recent years, researchers have developed multiple deep-learning models to assess and evaluate cardiac function automatically. Gohar E et al. conducted a validation study of three AI-based, real-time, hemodynamic echocardiographic assessment tools. The study showed that the automatic ejection fraction, velocity time integral, and inferior vena cava tools exhibited good agreement with the POCUS expert for high-quality views (44). Shaikh et al. demonstrated that automation-assisted VTI can provide real-time feedback to correct image acquisition for optimal aortic outflow velocity measurement while decreasing variability (45). Other studies showed that the area under curve for AI-assisted echocardiography in identifying abnormal LVEF (<50%) was 0.98, with a sensitivity of 92.8% and a specificity of 92.3% (46). Additionally, Cohen’s Kappa coefficient reached 1.0, indicating perfect agreement (47). The assessment of LVEF by medical students with the help of AI tools was highly consistent with the evaluations made by cardiologists (48).

AI-based LUS can effectively reduce the subjectivity in the interpretation process and serve as an important aid in improving clinical workflow. Tan et al. used a LUS B-line detection AI system to identify fluid overload in dialysis patients. Their study showed a strong correlation and good agreement on B-line count between physicians and AI in both training and validation sets (49). Subsequent studies have also demonstrated that the accuracy, sensitivity, and specificity of AI algorithms for the detection of A-lines and B-lines can all reach over 80% (50, 51). A team from the University of Leeds employed deep learning techniques for real-time multi-class segmentation of lung ultrasound images and developed a strategy for measuring disease severity by automatically calculating the percentage of intercostal space occupied by B-lines (52). Kuroda, Y et al. further investigated the feasibility of AI-assisted LUS for the diagnosis of pulmonary diseases. Their study revealed that AI-assisted LUS in a 12-zone assessment achieved an accuracy of 94.5%, with a sensitivity of 92.3% and a specificity of 100% in detecting COVID-19 pneumonia confirmed by CT. When the assessment was simplified to 8 zones, the accuracy, sensitivity, and specificity were 83.9, 77.5, and 100%, respectively (with a confidence interval of 80.6 to 100%) (53). In addition, Nhat et al. developed a software that can automatically identify and measure the cross-sectional area of the rectus femoris muscles (43). This achievement makes it more feasible to monitor muscle status in ICU patients and holds promise for establishing muscle ultrasound assessment as a routine clinical practice in the ICU.

Despite the remarkable progress in AI-assisted medical image analysis, several key limitations must be acknowledged. First, there are still limited studies on the real-world clinical application of AI in healthcare. The diagnostic performance of AI tools often exhibits variability across different clinical settings and may suffer from performance degradation in real-world applications, as their training datasets may not fully represent diverse patient populations, imaging protocols, or disease manifestations (54). Second, users require clear guidelines and training to manage uncertainties and challenges introduced by AI-driven workflows (55). Third, when AI-assisted decisions lead to adverse outcomes, the allocation of responsibility among clinicians, developers, and healthcare institutions remains legally ambiguous, potentially discouraging adoption. These ethical-legal gaps must be addressed through international consensus frameworks before AI can achieve sustainable integration into high-stakes critical care environments (56). Furthermore, for the full potential of AI-enabled technologies to be successfully implemented and ultimately contribute to the transformation of health systems in the region, foundational investments are needed in digital infrastructure, technology governance, and data governance (57).

It is also important to recognize that current AI-assisted measurements are mainly based on images, necessitating caution when using them to confirm specific diagnoses. Future advancements must integrate multi-dimensional information such as the patient’s abnormal signs, underlying diseases, and laboratory indicators to optimize AI-assisted ultrasound systems. Additionally, the “black-box” nature of many deep learning models raises concerns regarding interpretability, as clinicians may hesitate to trust AI-generated recommendations without transparent decision-making pathways. Addressing this limitation, Yao et al. proposed an AI-generated content-enhanced computer-aided diagnosis model, which enables human-computer interaction and synthesizes multi-source data, such as physician reports, international guidelines, research literature, and ultrasound images. This approach may redefine next-generation AI-assisted diagnostic systems (58). In summary, future research should prioritize multidisciplinary collaborations involving policymakers, ethicists, and clinicians to establish robust validation frameworks and adaptive governance models. Ensuring transparency, safety, and alignment with clinical workflows will be critical to achieving meaningful AI integration in critical care (54) (Table 3).


TABLE 3 Ultrasonographic applications of artificial intelligence.


	Year
	Researcher
	Manufacturer/Model
	Application

 

 	2021 	Maheshwarappa et al. (47) 	GE 	Automatic calculation of LVEF based on AI system.


 	2022 	Shaikh et al. (45) 	GE 	Automated VTI measuring system.


 	2022 	Tan et al. (49) 	Nanyang polytechnic 	Automated lung ultrasound image assessment using AI to identify fluid overload in dialysis patients.


 	2023 	Xing et al. (51) 	Faster R-CNN 	Automatic detection of A-line in lung ultrasound images using deep learning and image processing.


 	2023 	Gohar et al. (44) 	GE 	AI-based, real-time, hemodynamic echocardiographic assessment tools.


 	2023 	Motazedian et al.(46) 	EchoNous 	AI-assisted assessment of LVEF.


 	2023 	Dadon et al. (48) 	DiA imaging analysis 	AI-based tool with a hand-held ultrasound device for LVEF assessment.


 	2023 	Kuroda et al. (53) 	Philips 	AI-based point-of-care lung ultrasound for screening COVID-19 pneumonia.


 	2024 	Nekoui et al. (50) 	ExoLungAI 	AI-based tool for the detection and quantification of A-lines and B-lines.


 	2024 	Howell et al. (52) 	U-Net 	Deep learning for real-time multi-class segmentation of artifacts in lung ultrasound.


 	2024 	Nhat et al. (43) 	RAIMUS 	AI-assisted muscle ultrasound for monitoring muscle wasting in ICU patients.




 



6.3 Education and training

As the concept of CCUS continues to evolve, it has become widely used in the healthcare field. However, the implementation and interpretation of CCUS are inherently operator-dependent, and the results of ultrasound examinations are significantly influenced by the operator’s skills and experience in image interpretation. Therefore, it is essential to standardize the use of CCUS to enhance the quality of healthcare practices.

The European Society of Intensive Care Medicine (ESICM) has recommended that CCUS training should focus on the following three areas: (1) general critical care ultrasound, (2) basic critical care echocardiography, and (3) advanced critical care echocardiography (59). Since then, the ESICM has published the core CCUS skills that critical care physicians should master, along with a foundational document outlining CCUS training objectives (60, 61). Despite the clearly defined training standards for CCUS, achieving consistency in the quality of images acquired by operators and their ability to interpret these images continues to pose a significant challenge in CCUS training.

Yin, et al. thus proposed a systematic training program grounded in the CPVAP principle, which encompasses clinical analysis, protocol-based examination, view quality control, integration approach, and practice workflow (Figure 4) (62). This innovative framework aims to advance the training of CCUS and the visualization of ward rounds. They established a visualization teaching and training center that leverages AI and virtual reality technology and developed a three-dimensional virtual demonstration system equipped with thousands of teaching videos and clinical cases designed by panels of experts. This system consists of three modes: teaching, practice, and assessment. Each mode is further divided into three major modules, which include: (1) image acquisition and quality control skills, (2) visual accumulation training for the interpretation and analysis of ultrasound images, and (3) training focused on diagnosis and treatment decision-making, utilizing standardized clinical cases. This structured approach ensures that learners not only acquire technical skills but also develop critical thinking and decision-making capabilities in real clinical scenarios (62). It can also display ultrasound images, corresponding anatomical images, CT images, ultrasound sections, manipulation techniques, and training scenarios (Figure 5). This multi-faceted approach enriches the learning environment and facilitates a deeper understanding of the ultrasonic views, thus improving overall clinical competence.

[image: Training concepts of CCUS based on the CPVAP principle are illustrated with colored horizontal arrows. Letters represent different stages: C for Clinical Analysis, P for Protocol-based Examination, V for View Quality Control, A for Integration Approach, and P for Practice with An Appropriate Workflow. Each stage includes descriptions such as lectures, skills training, and quality control.]

FIGURE 4
 The CPVAP principle.


[image: Split view featuring four display windows: Top left shows an ultrasound image, bottom left a CT section. Top right displays a heart model, and bottom right illustrates ultrasound manipulation on a mannequin. Each section is labeled.]

FIGURE 5
 Design of training system.





7 Clinical impacts and outcome evidence of critical care ultrasound

Previous studies indicate that ultrasound application modifies treatment decisions in 39–69% of cases (63–66), with earlier identification of etiology and life-threatening conditions. Patients managed with ultrasound guidance demonstrated reduced fluid overload (65–67), more targeted antibiotic use, and lower radiation exposure (68). However, evidence supporting the impact of CCUS on clinical outcomes remains limited. Existing studies on LUS scores for prognostic prediction show conflicting results, with variations across populations and inconsistent association strengths (69–72). Some evidence suggests that CCUS may reduce mortality by 21% for volume management in acutely ill patients (73), prevent morbidity and mortality in 45% of cases in which it was not used (74), and decrease ventilator days in geriatric resuscitation (75). However, a multicenter randomized trial found that while ultrasound-guided management in critically ill patients with hemodynamic shock or respiratory failure frequently altered diagnoses and therapy, it did not improve 30-day survival (76).



8 Critical care ultrasound in perspective: comparative advantages and limitations

While pulmonary artery catheterization remains the gold standard for hemodynamic assessment in cardiogenic shock, it carries inherent risks, including vascular injury, infection, and mechanical complications. In contrast, CCUS offers a noninvasive, multiparametric alternative for comprehensive hemodynamic evaluation, significantly reducing data redundancy with real-time image information (77). In addition to its convenience, reduced costs, and reduced radiation exposure, LUS demonstrates superior diagnostic accuracy for heart failure compared to conventional chest radiography (78–80). In contrast to CT imaging, CCUS provides superior bedside availability and repeatability, with reduced risk related to the transportation of patients to the radiology department and the overall contamination risk. However, CCUS cannot fully replace CT’s comprehensive anatomical evaluation.



9 Current limitations of critical care ultrasound


9.1 Operator dependence and skill variability

Despite its proven clinical utility, CCUS implementation is constrained by several limitations. Although recent technological advancements have simplified its operation, CCUS still requires extensive training in both image acquisition and interpretation. Standardized protocols are essential to obtain reliable ultrasound images and data, which are critical for objective clinical assessment. However, significant inter-operator variability in measurements, parameter selection, and data interpretation limits the consistency and effectiveness of CCUS in practice.



9.2 Equipment and resource limitations

Economic limitations represent a significant barrier to CCUS adoption, particularly in low-resource settings where substantial equipment costs and budget priorities limit accessibility. The rapid iteration of ultrasound technology requires sustained capital investment for equipment renewal and software upgrades.



9.3 Controversy over clinical application

CCUS application carries risks of over-reliance, as some clinicians may make decisions solely based on ultrasound findings while neglecting comprehensive clinical assessment. Ultrasound imaging in certain clinical scenarios, particularly in obese patients and post-thoracotomy cases, often yields suboptimal image quality. Consequently, a multimodal diagnostic approach incorporating complementary imaging modalities becomes essential for comprehensive patient assessment.




10 Conclusion

The emergence of CCUS marks a significant advancement in ultrasound technology, heralding a new era in CCM. By facilitating the visualization of pathophysiological conditions and enabling standardized ward rounds, CCUS provides a more refined approach to the management of critically ill patients. The introduction of wearable ultrasound devices and the incorporation of AI have expanded CCUS’s potential applications. To ensure the sustainable and effective development of CCUS, the establishment of standardized training programs and uniform quality control measures is essential. Continued research into the clinical applications of CCUS will further clarify its role in CCM, while robust evidence-based guidelines will be vital for optimizing its use across various clinical settings. We remain optimistic that innovations in ultrasound technology, coupled with interdisciplinary collaboration, will boost the prospects of CCUS for better health.



Author contributions

JS: Conceptualization, Visualization, Writing – original draft. XT: Investigation, Writing – review & editing. YW: Writing – review & editing, Investigation. RZ: Resources, Writing – review & editing. TZ: Supervision, Writing – review & editing. YQ: Writing – review & editing, Visualization. XZ: Writing – review & editing, Visualization. YL: Supervision, Writing – review & editing. WY: Project administration, Supervision, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study was supported by the Science and Technology Department of Sichuan Province (Grant No. 2024YFFK0052) for the research project entitled “Development of a Wearable Visualized Intelligent Cardiopulmonary Function Monitoring and Early Warning Decision Support System.” The funding organization played no role in the study design, interpretation, or manuscript preparation. These funds were specifically designated to cover the article processing charges associated with this publication.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that Gen AI was used in the creation of this manuscript. During the preparation of this work, the authors used DeepSeek in order to check grammar and spelling. After using this tool, the authors reviewed and edited the content as needed and take full responsibility for the content of the publication.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Abbreviations


ACEP, American College of Emergency Physicians; AI, artificial intelligence; BLUE, bedside lung ultrasound in emergency; CAUSE, cardiac arrest ultrasound exam; CCM, critical care medicine; CCUS, critical care ultrasound; E-FAST, extended focused assessment with sonography for trauma; ESICM, European Society of Intensive Care Medicine; FALLS, fluid administration limited by lung sonography; FAST, focused assessment with sonography for trauma; ICU, intensive care units; LUS, lung ultrasound; LVEF, left ventricular ejection fraction; POCUS, point-of-care ultrasound; RUSH, rapid ultrasound in shock; VTI, velocity time integral.




References
	 1. Chinese Critical Care Ultrasound Study Group (CCUSG). Consensus of Chinese critical ultrasound experts. Clinical Focus. (2017) 32:369–83. doi: 10.3969/j.issn.1004-583X.2017.05.001
	 2. Dussik, KT. The ultrasonic field as a medical tool. Am J Phys Med. (1954) 1:5–20.
	 3. Donald, I, Macvicar, J, and Brown, TG. Investigation of abdominal masses by pulsed ultrasound. Lancet. (1958) 1:1188–95. doi: 10.1016/s0140-6736(58)91905-6 
	 4. Rajamani, A, Arun Bharadwaj, P, Hariharan, S, Ragavan, AV, Hassan, A, Arvind, H , et al. A historical timeline of the development and evolution of medical diagnostic ultrasonography. J Clin Ultrasound. (2024) 52:1419–37. doi: 10.1002/jcu.23808 
	 5. Coman, IM, and Popescu, BA. Shigeo Satomura: 60 years of Doppler ultrasound in medicine. Cardiovasc Ultrasound. (2015) 13:48. doi: 10.1186/s12947-015-0042-3 
	 6. Friedrich, M, and Kroll, U. Ultrasound diagnosis of the superficial soft tissues of the body. Experience with a real time scanner (Combison 100 W). Rofo. (1981) 135:73–9. doi: 10.1055/s-2008-1056834 
	 7. Kendall, JL, Hoffenberg, SR, and Smith, RS. History of emergency and critical care ultrasound: the evolution of a new imaging paradigm. Crit Care Med. (2007) 35:S126–30. doi: 10.1097/01.CCM.0000260623.38982.83
	 8. Leidi, A, Rouyer, F, Marti, C, Reny, JL, and Grosgurin, O. Point of care ultrasonography from the emergency department to the internal medicine ward: current trends and perspectives. Intern Emerg Med. (2020) 15:395–408. doi: 10.1007/s11739-020-02284-5 
	 9. Guidelines, U. Emergency, point-of-care, and clinical ultrasound Guidelines in medicine. Ann Emerg Med. (2023) 82:e115–55. doi: 10.1016/j.annemergmed.2023.06.005 
	 10. Lichtenstein, D. Lung ultrasound in acute respiratory failure an introduction to the BLUE-protocol. Minerva Anestesiol. (2009) 75:313–7.
	 11. Lichtenstein, DA. Point-of-care ultrasound: infection control in the intensive care unit. Crit Care Med. (2007) 35:S262–7. doi: 10.1097/01.CCM.0000260675.45549.12
	 12. Lichtenstein, DA. Ultrasound examination of the lungs in the intensive care unit. Pediatr Crit Care Med. (2009) 10:693–8. doi: 10.1097/PCC.0b013e3181b7f637 
	 13. Lichtenstein, DA, Lascols, N, Prin, S, and Meziere, G. The "lung pulse": an early ultrasound sign of complete atelectasis. Intensive Care Med. (2003) 29:2187–92. doi: 10.1007/s00134-003-1930-9
	 14. Lichtenstein, DA, and Menu, Y. A bedside ultrasound sign ruling out pneumothorax in the critically ill. Lung sliding. Chest. (1995) 108:1345–8. doi: 10.1378/chest.108.5.1345 
	 15. Lichtenstein, DA, and Meziere, GA. Relevance of lung ultrasound in the diagnosis of acute respiratory failure: the BLUE protocol. Chest. (2008) 134:117–25. doi: 10.1378/chest.07-2800 
	 16. Kirkpatrick, AW, Sirois, M, Laupland, KB, Liu, D, Rowan, K, Ball, CG , et al. Hand-held thoracic sonography for detecting post-traumatic pneumothoraces: the extended focused assessment with sonography for trauma (EFAST). J Trauma. (2004) 57:288–95. doi: 10.1097/01.ta.0000133565.88871.e4 
	 17. Rozycki, GS, Ochsner, MG, Schmidt, JA, Frankel, HL, Davis, TP, Wang, D , et al. A prospective study of surgeon-performed ultrasound as the primary adjuvant modality for injured patient assessment. J Trauma. (1995) 39:492–8. doi: 10.1097/00005373-199509000-00016 
	 18. Scalea, TM, Rodriguez, A, Chiu, WC, Brenneman, FD, Fallon, WF Jr, Kato, K , et al. Focused assessment with sonography for trauma (FAST): results from an international consensus conference. J Trauma. (1999) 46:466–72. doi: 10.1097/00005373-199903000-00022
	 19. Perera, P, Mailhot, T, Riley, D, and Mandavia, D. The RUSH exam: rapid ultrasound in SHock in the evaluation of the critically lll. Emerg Med Clin North Am. (2010) 28:29–56, vii. doi: 10.1016/j.emc.2009.09.010 
	 20. Hernandez, C, Shuler, K, Hannan, H, Sonyika, C, Likourezos, A, and Marshall, J. C.A.U.S.E.: cardiac arrest ultra-sound exam--a better approach to managing patients in primary non-arrhythmogenic cardiac arrest. Resuscitation. (2008) 76:198–206. doi: 10.1016/j.resuscitation.2007.06.033 
	 21. Lichtenstein, D. Fluid administration limited by lung sonography: the place of lung ultrasound in assessment of acute circulatory failure (the FALLS-protocol). Expert Rev Respir Med. (2012) 6:155–62. doi: 10.1586/ers.12.13 
	 22. Cammarota, G, Bruni, A, Morettini, G, Vitali, L, Brunelli, F, Tinarelli, F , et al. Lung ultrasound to evaluate aeration changes in response to recruitment maneuver and prone positioning in intubated patients with COVID-19 pneumonia: preliminary study. Ultrasound J. (2023) 15:3. doi: 10.1186/s13089-023-00306-9 
	 23. Rocca, E, Zanza, C, Longhitano, Y, Piccolella, F, Romenskaya, T, Racca, F , et al. Lung ultrasound in critical care and emergency medicine: clinical review. Adv Respir Med. (2023) 91:203–23. doi: 10.3390/arm91030017 
	 24. Barjaktarevic, I, Kenny, JS, Berlin, D, and Cannesson, M. The evolution of ultrasound in critical care: from procedural guidance to hemodynamic monitor. J Ultrasound Med. (2021) 40:401–5. doi: 10.1002/jum.15403 
	 25. Yao, Q, Y, W, and Z, X. Critical care ultrasound interpretation based on visual accumulation: methods and techniques. Clin Focus. (2024) 39:837–41. doi: 10.3969/j.issn.1004-583X.2024.09.014
	 26. Chinese Critical Care Ultrasound Study Group (CCUSG). Precision shock treatment: attention should be paid to the six-step ultrasound guided shock assessment process. Natl Med J China. (2016) 96:2289–91. doi: 10.3760/cma.j.issn.0376-2491.2016.29.001
	 27. Chinese Critical Care Ultrasound Study Group (CCUSG). Critical ultrasound combined with multivariate monitoring to master the lungs of critically ill patients. Clinical Focus. (2023) 38:175–80. doi: 10.3969/j.issn.1004-583X.2023.02.014
	 28. Wang, Q, Zou, T, Zeng, X, Bao, T, and Yin, W. Establishment of seven lung ultrasound phenotypes: a retrospective observational study of an LUS registry. BMC Pulm Med. (2024) 24:483. doi: 10.1186/s12890-024-03299-w 
	 29. Yoshida, T, Yoshida, T, Noma, H, Nomura, T, Suzuki, A, and Mihara, T. Diagnostic accuracy of point-of-care ultrasound for shock: a systematic review and meta-analysis. Crit Care. (2023) 27:200. doi: 10.1186/s13054-023-04495-6 
	 30. Ran, Z, Y, W, Lyu, Y, W, X, C, Y, and H, W. Standardized ward rounds for critically ill patients: thinking and exploration. Chin J Intern Med. (2024) 63:434–8. doi: 10.3760/cma.j.cn112138-20240125-00075
	 31. Song, H, Tsai, SK, and Liu, J. Tailored holder for continuous echocardiographic monitoring. Anesth Analg. (2018) 126:435–7. doi: 10.1213/ANE.0000000000002682 
	 32. Hu, H, Huang, H, Li, M, Gao, X, Yin, L, Qi, R , et al. A wearable cardiac ultrasound imager. Nature. (2023) 613:667–75. doi: 10.1038/s41586-022-05498-z 
	 33. Wang, C, Chen, X, Wang, L, Makihata, M, Liu, HC, Zhou, T , et al. Bioadhesive ultrasound for long-term continuous imaging of diverse organs. Science. (2022) 377:517–23. doi: 10.1126/science.abo2542 
	 34. Liu, HC, Zeng, Y, Gong, C, Chen, X, Kijanka, P, Zhang, J , et al. Wearable bioadhesive ultrasound shear wave elastography. Sci Adv. (2024) 10:eadk 8426. doi: 10.1126/sciadv.adk8426 
	 35. Wang, C, Li, X, Hu, H, Zhang, L, Huang, Z, Lin, M , et al. Monitoring of the central blood pressure waveform via a conformal ultrasonic device. Nat Biomed Eng. (2018) 2:687–95. doi: 10.1038/s41551-018-0287-x 
	 36. Lin, M, Zhang, Z, Gao, X, Bian, Y, Wu, RS, Park, G , et al. A fully integrated wearable ultrasound system to monitor deep tissues in moving subjects. Nat Biotechnol. (2024) 42:448–57. doi: 10.1038/s41587-023-01800-0 
	 37. Zhou, S, Gao, X, Park, G, Yang, X, Qi, B, Lin, M , et al. Transcranial volumetric imaging using a conformal ultrasound patch. Nature. (2024) 629:810–8. doi: 10.1038/s41586-024-07381-5 
	 38. Lin, X, Yang, F, Chen, Y, Chen, X, Wang, W, Chen, X , et al. Echocardiography-based AI detection of regional wall motion abnormalities and quantification of cardiac function in myocardial infarction. Front Cardiovasc Med. (2022) 9:903660. doi: 10.3389/fcvm.2022.903660 
	 39. Oikonomou, EK, Vaid, A, Holste, G, and Coppi, A. Artificial intelligence-guided detection of under-recognised cardiomyopathies on point-of-care cardiac ultrasonography: a multicentre study. Lancet Digital Health. (2025) 7:e113–e123. doi: 10.1016/S2589-7500(24)00249-8
	 40. Zhou, J, Du, M, Chang, S, and Chen, Z. Artificial intelligence in echocardiography: detection, functional evaluation, and disease diagnosis. Cardiovasc Ultrasound. (2021) 19:29. doi: 10.1186/s12947-021-00261-2 
	 41. Mika, S, Gola, W, Gil-Mika, M, Wilk, M, and Misiollek, H. Ultrasonographic applications of novel technologies and artificial intelligence in critically ill patients. J Pers Med. (2024) 14:286. doi: 10.3390/jpm14030286
	 42. El Khoury, D, Pardo, E, Cambriel, A, Bonnet, F, Pham, T, Cholley, B , et al. Gastric cross-sectional area to predict gastric intolerance in critically ill patients: the Sono-ICU prospective observational Bicenter study. Crit Care Explor. (2023) 5:e0882. doi: 10.1097/CCE.0000000000000882 
	 43. Nhat, PTH, Van Hao, N, Yen, LM, Anh, NH, Khiem, DP, Kerdegari, H , et al. Clinical evaluation of AI-assisted muscle ultrasound for monitoring muscle wasting in ICU patients. Sci Rep. (2024) 14:14798. doi: 10.1038/s41598-024-64564-w 
	 44. Gohar, E, Herling, A, Mazuz, M, Tsaban, G, Gat, T, Kobal, S , et al. Artificial intelligence (AI) versus POCUS expert: a validation study of three automatic AI-based, real-time, hemodynamic echocardiographic assessment tools. J Clin Med. (2023) 12:10.3390/jcm12041352. doi: 10.3390/jcm12041352
	 45. Shaikh, F, Kenny, JE, Awan, O, Markovic, D, Friedman, O, He, T , et al. Measuring the accuracy of cardiac output using POCUS: the introduction of artificial intelligence into routine care. Ultrasound J. (2022) 14:47. doi: 10.1186/s13089-022-00301-6 
	 46. Motazedian, P, Marbach, JA, Prosperi-Porta, G, Parlow, S, Di Santo, P, Abdel-Razek, O , et al. Diagnostic accuracy of point-of-care ultrasound with artificial intelligence-assisted assessment of left ventricular ejection fraction. NPJ Digit Med. (2023) 6:201. doi: 10.1038/s41746-023-00945-1
	 47. Maheshwarappa, HM, Mishra, S, Kulkarni, AV, Gunaseelan, V, and Kanchi, M. Use of handheld ultrasound device with artificial intelligence for evaluation of cardiorespiratory system in COVID-19. Indian J Crit Care Med. (2021) 25:524–7. doi: 10.5005/jp-journals-10071-23803 
	 48. Dadon, Z, Orlev, A, Butnaru, A, Rosenmann, D, Glikson, M, Gottlieb, S , et al. Empowering medical students: harnessing artificial intelligence for precision point-of-care echocardiography assessment of left ventricular ejection fraction. Int J Clin Pract. (2023) 2023:1–9. doi: 10.1155/2023/5225872 
	 49. Tan, GFL, Du, T, Liu, JS, Chai, CC, Nyein, CM, and Liu, AYL. Automated lung ultrasound image assessment using artificial intelligence to identify fluid overload in dialysis patients. BMC Nephrol. (2022) 23:410. doi: 10.1186/s12882-022-03044-7 
	 50. Nekoui, M, Seyed Bolouri, SE, Forouzandeh, A, Dehghan, M, Zonoobi, D, Jaremko, JL , et al. Enhancing lung ultrasound diagnostics: a clinical study on an artificial intelligence tool for the detection and quantification of A-lines and B-lines. Diagnostics (Basel). (2024) 14:10.3390/diagnostics14222526. doi: 10.3390/diagnostics14222526 
	 51. Xing, W, Li, G, He, C, Huang, Q, Cui, X, Li, Q , et al. Automatic detection of A-line in lung ultrasound images using deep learning and image processing. Med Phys. (2023) 50:330–43. doi: 10.1002/mp.15908 
	 52. Howell, L, Ingram, N, Lapham, R, Morrell, A, and McLaughlan, JR. Deep learning for real-time multi-class segmentation of artefacts in lung ultrasound. Ultrasonics. (2024) 140:107251. doi: 10.1016/j.ultras.2024.107251 
	 53. Kuroda, Y, Kaneko, T, Yoshikawa, H, Uchiyama, S, Nagata, Y, Matsushita, Y , et al. Artificial intelligence-based point-of-care lung ultrasound for screening COVID-19 pneumoniae: comparison with CT scans. PLoS One. (2023) 18:e0281127. doi: 10.1371/journal.pone.0281127 
	 54. Kalimouttou, A, Stevens, RD, and Pirracchio, R. Harnessing AI in critical care: opportunities, challenges and key steps for success. Thorax. (2025):thorax-2024-222125. doi: 10.1136/thorax-2024-222125 
	 55. Steerling, E, Svedberg, P, Nilsen, P, Siira, E, and Nygren, J. Influences on trust in the use of AI-based triage-an interview study with primary healthcare professionals and patients in Sweden. Front Digit Health. (2025) 7:1565080. doi: 10.3389/fdgth.2025.1565080 
	 56. Mennella, C, Maniscalco, U, De Pietro, G, and Esposito, M. Ethical and regulatory challenges of AI technologies in healthcare: a narrative review. Heliyon. (2024) 10:e26297. doi: 10.1016/j.heliyon.2024.e26297 
	 57. Wibowo, MF, Pyle, A, Lim, E, Ohde, JW, Liu, N, and Karlstrom, J. Insights into the current and future state of AI adoption within health Systems in Southeast Asia: cross-sectional qualitative study. J Med Internet Res. (2025) 27:e71591. doi: 10.2196/71591 
	 58. Yao, J, Wang, Y, Lei, Z, Wang, K, Feng, N, Dong, F , et al. Multimodal GPT model for assisting thyroid nodule diagnosis and management. NPJ Digit Med. (2025) 8:245. doi: 10.1038/s41746-025-01652-9 
	 59. Expert Round Table on Ultrasound in ICU. International expert statement on training standards for critical care ultrasonography. Intensive Care Med. (2011) 37:1077–83. doi: 10.1007/s00134-011-2246-9 
	 60. Wong, A, Galarza, L, Forni, L, De Backer, D, Slama, M, Cholley, B , et al. Recommendations for core critical care ultrasound competencies as a part of specialist training in multidisciplinary intensive care: a framework proposed by the European Society of Intensive Care Medicine (ESICM). Crit Care. (2020) 24:393. doi: 10.1186/s13054-020-03099-8 
	 61. Robba, C, Wong, A, Poole, D, Al Tayar, A, Arntfield, RT, Chew, MS , et al. Basic ultrasound head-to-toe skills for intensivists in the general and neuro intensive care unit population: consensus and expert recommendations of the European Society of Intensive Care Medicine. Intensive Care Med. (2021) 47:1347–67. doi: 10.1007/s00134-021-06486-z 
	 62. Chinese Critical Care Ultrasound Study Group (CCUSG). Thinking of critical care ultrasound training: modular training and base training model based on CPVAP principle. Chin J Intern Med. (2024) 63:1052–8. doi: 10.3760/cma.j.cn112138-20240613-00382
	 63. Xirouchaki, N, and Georgopoulos, D. Impact of lung ultrasound on clinical decision making in critically ill patients: response to O'Connor et al. Intensive Care Med. (2014) 40:1063. doi: 10.1007/s00134-014-3316-6 
	 64. Zieleskiewicz, L, Muller, L, Lakhal, K, Meresse, Z, Arbelot, C, Bertrand, PM , et al. Point-of-care ultrasound in intensive care units: assessment of 1073 procedures in a multicentric, prospective, observational study. Intensive Care Med. (2015) 41:1638–47. doi: 10.1007/s00134-015-3952-5
	 65. Heldeweg, MLA, Lopez Matta, JE, Pisani, L, Slot, S, Haaksma, ME, Smit, JM , et al. The impact of thoracic ultrasound on clinical Management of Critically ill Patients (UltraMan): an international prospective observational study. Crit Care Med. (2023) 51:357–64. doi: 10.1097/CCM.0000000000005760 
	 66. Flower, L, Waite, A, Boulton, A, Peck, M, Akhtar, W, Boyle, AJ , et al. The use of echocardiography in the management of shock in critical care: a prospective, multi-Centre, observational study. Intensive Care Med. (2024) 50:1668–80. doi: 10.1007/s00134-024-07590-6 
	 67. Kaiser, RS, Sarkar, M, Raut, SK, Mahapatra, MK, Zaman, MAU, Roy, O , et al. A study to compare ultrasound-guided and clinically guided fluid Management in Children with septic shock. Indian J Crit Care Med. (2023) 27:139–46. doi: 10.5005/jp-journals-10071-24410 
	 68. Guitart, C, Bobillo-Perez, S, Rodriguez-Fanjul, J, Carrasco, JL, Brotons, P, Lopez-Ramos, MG , et al. Lung ultrasound and procalcitonin, improving antibiotic management and avoiding radiation exposure in pediatric critical patients with bacterial pneumonia: a randomized clinical trial. Eur J Med Res. (2024) 29:222. doi: 10.1186/s40001-024-01712-y 
	 69. Tierney, DM, Boland, LL, Overgaard, JD, Huelster, JS, Jorgenson, A, Normington, JP , et al. Pulmonary ultrasound scoring system for intubated critically ill patients and its association with clinical metrics and mortality: a prospective cohort study. J Clin Ultrasound. (2018) 46:14–22. doi: 10.1002/jcu.22526 
	 70. Espersen, C, Platz, E, Skaarup, KG, Lassen, MCH, Lind, JN, Johansen, ND , et al. Lung ultrasound findings associated with COVID-19 ARDS, ICU admission, and all-Cause mortality. Respir Care. (2022) 67:66–75. doi: 10.4187/respcare.09108 
	 71. Wang, D, and Qi, Y. Lung ultrasound score and in-hospital mortality of adults with acute respiratory distress syndrome: a meta-analysis. BMC Pulm Med. (2024) 24:62. doi: 10.1186/s12890-023-02826-5 
	 72. Lai, SY, Schafer, JM, Meinke, M, Beals, T, Doff, M, Grossestreuer, A , et al. Lung ultrasound score in COVID-19 patients correlates with PO (2)/FiO (2), intubation rates, and mortality. West J Emerg Med. (2024) 25:28–39. doi: 10.5811/westjem.59975 
	 73. Sharif, S, Flindall, H, Basmaji, J, Ablordeppey, E, Diaz-Gomez, JL, Lanspa, M , et al. Critical care ultrasonography for volume management: a systematic review, Meta-analysis, and trial sequential analysis of randomized trials. Crit Care Explor. (2025) 7:e1261. doi: 10.1097/CCE.0000000000001261 
	 74. Goldsmith, AJ, Shokoohi, H, Loesche, M, Patel, RC, Kimberly, H, and Liteplo, A. Point-of-care ultrasound in morbidity and mortality cases in emergency medicine: who benefits the most? West J Emerg Med. (2020) 21:172–8. doi: 10.5811/westjem.2020.7.47486 
	 75. Cleveland, EM, Warren, YE, Shenoy, R, Lewis, MR, Cunningham, KW, Wang, H , et al. Critical care ultrasound in geriatric trauma resuscitation leads to decreased fluid administration and ventilator days. J Trauma Acute Care Surg. (2021) 91:612–20. doi: 10.1097/TA.0000000000003359
	 76. Li, X, Chen, J, Gu, C, Lu, K, Wei, L, Hu, T , et al. The impact on 30-day mortality from a brief focused ultrasound-guided management protocol immediately before emergency noncardiac surgery in critically ill patients: a multicenter randomized controlled trial. J Cardiothorac Vasc Anesth. (2022) 36:1100–10. doi: 10.1053/j.jvca.2021.05.023 
	 77. Simeoli, PS, Moscardelli, S, Urbani, A, Santangelo, G, Battaglia, V, Guarino, M , et al. Use and implications of echocardiography in the hemodynamic assessment of cardiogenic shock. Curr Probl Cardiol. (2023) 48:101928. doi: 10.1016/j.cpcardiol.2023.101928 
	 78. Maw, AM, Hassanin, A, Ho, PM, McInnes, MDF, Moss, A, Juarez-Colunga, E , et al. Diagnostic accuracy of point-of-care lung ultrasonography and chest radiography in adults with symptoms suggestive of acute decompensated heart failure: a systematic review and meta-analysis. JAMA Netw Open. (2019) 2:e190703. doi: 10.1001/jamanetworkopen.2019.0703 
	 79. Pivetta, E, Goffi, A, Nazerian, P, Castagno, D, Tozzetti, C, Tizzani, P , et al. Lung ultrasound integrated with clinical assessment for the diagnosis of acute decompensated heart failure in the emergency department: a randomized controlled trial. Eur J Heart Fail. (2019) 21:754–66. doi: 10.1002/ejhf.1379 
	 80. Chiu, L, Jairam, MP, Chow, R, Chiu, N, Shen, M, Alhassan, A , et al. Meta-analysis of point-of-care lung ultrasonography versus chest radiography in adults with symptoms of acute decompensated heart failure. Am J Cardiol. (2022) 174:89–95. doi: 10.1016/j.amjcard.2022.03.022 


Copyright
 © 2025 Su, Tie, Wei, Zhou, Zou, Qin, Zeng, Li and Yin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmed-12-1622604-g005.jpg
Ultrasound Organ
g [ Model
Display | Display
Window Window

cT Ultrasonic
Section _| L Section
Display Display
Window Window
Zl‘al‘mng Manipulation
Screen

Display | e
Window Window






OPS/images/fmed-12-1622604-g003.jpg
Step-Down-
Therapy

6. Monitoring / 1. Problem Based
And Feedback ¢
Early S L
Warning e
b s e Emergency
5. Establish Visualization 2. Intentional Treatment
Diagnosis And Of Clinical Evaluation
Treatment Schemes Ward Rounds Based On CCUS Invasive
= \ Procedure
4. 1dentify Phenotypes 3. Summarize And

Of Critical Illness Interpret Information






OPS/images/fmed-12-1622604-g004.jpg
The trainning concepts of CCUS based on CPVAP principle

Lectures (online/offline)

Clinical Analysis
Basic introduction to critical illness
Basic theory of ultrasound, etc.

Symptoms collection and identification

Formulating clinical questions

fiew Quality ¢

ontrol
ation and Interpre

"FESS"
Itrasound in

3 rules (Fast, Excellent, Stable
s, ete.. / .
=

isition of the

Interactive practice (online/offline)

Integration Approach
Training for diagnostic and therapeutic A Identify and ints
decision-making based on clinical cases, etc

ate abnormalities in ul

o asound
iges with appropriate approach based on the

analysis of clinical questions

Advanced Training (online/offline)

Practice with An Appropriate Workflow
Training for specific diagnosis and treatment The workflow would be formulated ac
and continuous quality improvement, etc tothec

ordin
ical questions by senior physician





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Critical care ultrasound: development, evolution, current and evolving clinical concepts in critical care medicine



		1 Introduction



		2 Methods



		2.1 Eligibility criteria



		2.2 Information sources and search strategy



		2.3 Selection process









		3 From traditional ultrasound to critical care ultrasound



		3.1 Traditional ultrasound: laying the foundation



		3.2 Point of care ultrasound: revolutionizing bedside care



		3.3 Critical care ultrasound: advancing structured assessment









		4 Visualization of critical illness



		5 Clinical application of critical care ultrasound in ICU



		5.1 See first, then intervene



		5.2 Rapid stabilization of vital signs



		5.3 Critical care ultrasound in ward rounds









		6 Ongoing changes in critical care ultrasound



		6.1 Wearable ultrasound and continuous monitoring



		6.2 Artificial intelligence and deep learning



		6.3 Education and training









		7 Clinical impacts and outcome evidence of critical care ultrasound



		8 Critical care ultrasound in perspective: comparative advantages and limitations



		9 Current limitations of critical care ultrasound



		9.1 Operator dependence and skill variability



		9.2 Equipment and resource limitations



		9.3 Controversy over clinical application









		10 Conclusion



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Abbreviations



		References



















OPS/images/fmed-12-1622604-g001.jpg
From Traditional Ultrasound To Critical Care Ultrasound

1950s lan Donald  1980s Developmentof 2004 EFAST 2010 RUSH 2023 Cammarota
First medical Doppler ultrasound Protocol Protocol Lung ultrasound to
diagnostic and real time scanning evaluate aeration change
ultrasound machine with prone position
1940 1980 1990 2010 2020 2030
1942 Dussik KT 1993 Daniel Lichtenstein 2008 CAUSE 2012 FALLS 2020 The use of lung.
Introduction of Introduction of lung Protocol Protocol ultrasound boosted in
ultrasound in ultrasound in ICU the clinical practice
diagnosis of brain . following the pandernic
tumor 19905 Point-of-care 2009:BLUE of COVID-19
Protocol

ultrasound into diverse
areas of clinical practice





OPS/images/fmed-12-1622604-g002.jpg
Stabilize basic vital signs, especially respiratory and circulatory systems

BLUE protocol: BLUE & FALLS protocol: FALLS protocol: _ FALLS protocol: BLUE & FALLS protocol:
Lung sliding disappear Thrombosed vein P Cortection of clinical signs B-profile
Aprofile ADVT:profile of shock under fluid Fluid therapy not able to
Plus lung point Right ventricle dilatation administration improve circulation-eventually

A-profile ‘generating B-profile.





OPS/images/cover.jpg
& frontiers | Frontiers in Medicine

Critical care ultrasound:
development, evolution, current
and evolving clinical concepts in

critical care medicine












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Medicine






