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Abstract

Large language models (LLMs) have emerged as transformative tools in radiology
artificial intelligence (Al), offering significant capabilities in areas such as image
report generation, clinical decision support, and workflow optimization. The first
part of this manuscript presents a comprehensive overview of the current state of
LLM applications in radiology, including their historical evolution, technical
foundations, and practical uses. Despite notable advances, inherent architectural
constraints, such as token-level sequential processing, limit their ability to per-
form deep abstract reasoning and holistic contextual understanding, which are
critical for fine-grained diagnostic interpretation. We provide a critical perspective
on current LLMs and discuss key challenges, including model reliability, bias, and
explainability, highlighting the pressing need for novel approaches to advance
radiology Al Large concept models (LCMs) represent a nascent and promising
paradigm in radiology Al, designed to transcend the limitations of token-level
processing by utilizing higher-order conceptual representations and multimodal
data integration. The second part of this manuscript introduces the foundational
principles and theoretical framework of LCMs, highlighting their potential to
facilitate enhanced semantic reasoning, long-range context synthesis, and im-
proved clinical decision-making. Critically, the core of this section is the proposal
of a novel theoretical framework for LCMs, formalized and extended from our
group’s foundational concept-based models - the world’s earliest articulation of
this paradigm for medical Al. This conceptual shift has since been externally
validated and propelled by the recent publication of the LCM architectural pro-
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posal by Meta Al, providing a large-scale engineering blueprint for the future development of this technology. We
also outline future research directions and the transformative implications of this emerging Al paradigm for
radiologic practice, aiming to provide a blueprint for advancing toward human-like conceptual understanding in
Al While challenges persist, we are at the very beginning of a new era, and it is not unreasonable to hope that
future advancements will overcome these hurdles, pushing the boundaries of Al in Radiology, far beyond even the
most state-of-the-art models of today.

Key Words: Radiology artificial intelligence; Large language models; Large concept models; Medical imaging artificial
intelligence; Artificial intelligence in healthcare; Multimodal artificial intelligence models; Explainable artificial intelligence;
Artificial intelligence model limitations and challenges; Natural language processing in radiology; Conceptual reasoning in
artificial intelligence

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Current capabilities, applications, limitations of large language models (LLMs) in radiology artificial intelligence
(AI). LLMs transformed radiology Al, improved textual-analysis, workflow automation, clinical decision support.
Challenges: Limited reasoning depth, inaccuracies. Transformative role of LLMs in radiology, their architectural
foundations, clinical utility are discussed. LLM limitations, like token-level processing, hallucinations, and challenges in
clinical adoption. Exploring new paradigm large concept models, having conceptual reasoning and multimodal integration to
enhance clinical accuracy and reliability. Ethical, regulatory, and explainability considerations for Al tools in healthcare also
discussed and a balanced and forward-looking view on AI’s role in radiology, covering both current innovations and
anticipated advances through large concept models.
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INTRODUCTION

Part 1

Artificial intelligence (AI) has profoundly influenced radiology practice, particularly through the development of large
language models (LLMs) that support textual analysis, report generation, and clinical workflow automation. The impact
is felt across the board: For radiology and other clinicians, mainly via rapid and accurate image interpretation; for health
systems, by major workflow improvements and their immense potential for reducing medical errors; and for patients, by
enabling them to better process their own medical data for health advocacy[1]. However, LLMs’ token-based architecture
inherently limits their reasoning depth and the conceptual robustness necessary for complex diagnostic tasks. By
reviewing both achievements and limitations, we lay down the foundational understanding essential for appreciating
next-generation Al paradigms in radiology.

Part 2

Building upon the exploration of LLMs in part 1, part 2 introduces large concept models (LCMs) as a conceptual fra-
mework for a new paradigm in radiology Al Specifically, the core contribution of part 2 is the proposal of a novel
theoretical framework for LCMs, directly extended and formalized from our foundational concept-based models first
articulated in 2022. This approach represents the world’s earliest articulation of concept-based models for medical Al,
emphasizing a holistic approach and the integration of clinical expertise and multimodal data to enable robust Al rea-
soning beyond traditional token-level approaches.

While this foundational work has since been validated and extended by other research groups, including Meta Al (who
have adopted the term “LCMs” and demonstrated implementations grounded in explicit semantic representations and
cross-modal reasoning), our manuscript synthesizes these external advances with novel theoretical extensions rooted in
our original conceptual framework. By integrating these strands, part 2 offers a unified, forward-looking framework for
LCMs, situating our early vision within the evolving scientific landscape and outlining pathways toward clinical trans-
lation. Our contribution is therefore both foundational and progressive, setting scholarly expectations and underscoring
the unique role our work plays in advancing Al’s conceptual evolution in radiology. It is important to note, however, that
these are early beginnings, with significant development still required before LCMs become integrated into everyday
clinical use.

The advent of LLMs, epitomized by OpenAl’s ChatGPT, marked a transformative leap in natural language processing
(NLP). However, despite their impressive capabilities, LLMs face inherent architectural limitations, especially in
specialized domains such as Radiology. Their token-level sequential processing constrains their capacity for robust
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abstract reasoning and deep conceptual understanding. By predicting one word or sub-word at a time based on pre-
ceding tokens, LLMs struggle to capture long-range dependencies and the complex semantic relationships essential for
nuanced diagnostic interpretation. For radiology stakeholders, it is crucial to recognize that this token-level processing is
fundamentally insufficient for the intricate complexities of diagnostic reasoning, where contextual understanding and
abstract inference are paramount. This new paradigm promises to address persistent challenges in diagnostic accuracy,
interpretability, and contextual synthesis, signaling a critical advance toward more intelligent and clinically meaningful
Al systems in radiology.

PART 1: CURRENT CAPABILITIES AND LIMITATIONS OF LLMS IN RADIOLOGY Al
The capabilities of LLMS in radiology

This is a rapidly expanding field, with new research emerging daily. Results already indicate that LLMs will soon be
applied to every aspect of radiology practice[2]. They have proven to be valuable in answering Radiology-related
questions, providing clarifications regarding procedures, and offering general information about different types of
imaging modalities[3]. LLMs play a significant role in patient triage and workflow optimization, helping in the auto-
mated determination of imaging studies and protocols based on radiology request forms[4] and the generation of
radiology reports[5]. Algorithms like ChatGPT can improve patient outcomes, increase the efficiency of radiology
interpretation, and aid in the overall workflow of radiologists[6,7] and it is reported that Generative Pre-trained
Transformer (GPT)-4 was an effective tool for post hoc structured reporting in radiology, with its autonomous ability to
select the most appropriate structuring template making it a highly scalable and easily implementable solution that
required minimal database restructuring effort. Furthermore, LLMs have been shown to be versatile tools for establishing
an accurate differential diagnosis, with the potential to improve clinicians’ diagnostic reasoning and accuracy in
challenging cases and to empower physicians and widen patients” access to specialist-level expertise[8]. ChatRadio-
Valuer, for example, surpassed state-of-the-art models in disease diagnosis from radiology reports and alleviated the
annotation workload of experts[9]. This part of the manuscript explores the evolution and current landscape of LLMs in
radiology Al, emphasizing their capabilities and practical applications. Part 2 will cover LCMs.

Historical context and evolution of AI to LCMs: To appreciate the significance of LLMs and LCMs, it is important to
trace the historical evolution of Al, from foundational principles established decades ago, to the emergence of LCMs in
2025. This journey represents a continuum of transformative milestones, with many advances still ahead.

Early foundations-symbolic AI: The birth of Al is often marked by the Dartmouth Conference in 1956, where the term
“Al” was coined and the initial aspirations for creating thinking machines were discussed. This early era was dominated
by symbolic Al, which focused on representing knowledge through symbols, rules, and logical structures. Expert
systems, designed to mimic the decision-making of human experts using predefined rules, were a prominent application
of this approach[10,11]. While the Dartmouth Conference aimed to bring together researchers from various disciplines
with the specific intent of exploring the possibility of creating machines that could exhibit intelligent behavior, and laid
the foundation for the field, symbolic Al’s reliance on explicitly programmed rules proved to be a significant limitation.
Importantly, the term “Al” was adopted at this conference and many of the early Al programs were started after this
conference. It also aided in establishing key areas of research that continue to be explored today, as well as fostered
collaborations and connections among researchers who would go on to make significant contributions to Al Thus, this
conference marked the beginning of Al as a distinct field of research and set the stage for decades of Al development and
innovation. It is worth noting that while the conference was groundbreaking, the early optimism about achieving human-
level Al quickly proved to be overly ambitious[12]. The field experienced periods of “Al winters” when funding and
interest waned[13]. However, the Dartmouth Conference’s legacy remains strong, and its impact on the development of
modern Al is undeniable[14]. Turing’s question “Can machines think” along with his further fundamental contributions
to Al inspired the Dartmouth conference participants to look forward to building the first machines that could pass the
Turing test[15]. The conference aimed to explore the possibilities of creating machines that could demonstrate intelligent
behavior, a goal emanating from Turing’s inquiries[16]. Early Al relied on rule-based systems, which struggled with real-
world complexities, particularly in handling uncertainty and learning from data. The manual creation of these rules was
time-consuming, brittle, and difficult to scale, ultimately limiting the capabilities of symbolic Al in addressing complex,
real-world problems. This inherent limitation paved the way for the rise of data-driven approaches[11,17].

Machine learning, neural networks, and deep learning: Machine learning (ML) involves developing software that learns
autonomously from data, identifying patterns to make predictions or decisions without explicit programming[18]. Its
main objective is to enable systems to adapt without human intervention. ML methods are broadly divided into
supervised learning, which predicts or classifies new data from labeled examples, and unsupervised learning, which
discovers hidden patterns without pre-defined outputs[19]. By the 1980s, ML marked a shift from symbolic AI. Decision
trees[20], support vector machines[21], and Bayesian networks (which demonstrated success in various tasks, offering a
more adaptive and data-driven approach) broadened the Al landscape in healthcare. These algorithms enabled data-
driven predictions and classification, offering a more flexible alternative to rigid rule-based systems[11,17]. ML soon
radically improved radiology and enabled automated pattern recognition across modalities including X-ray, computed
tomography (CT), magnetic resonance imaging (MRI), positron emission tomography; and even radiology reports,
supporting diagnosis, reducing errors; and became capable of extracting complex, high-level data, even from unlabeled
datasets[18,22]. It also fueled advances in computer-aided diagnosis, which integrated radiology, pathology, and
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genomics data to improve workflows and productivity[23].

Neural networks: Basic neural networks were introduced in the 1980s but gained momentum after 2003, when Bengio et
al[24] developed the first feed-forward neural network language model that predicted words in sequence, overcoming
earlier statistical limitations and laying the foundations for modern NLP[24]. While early neural nets showed promise in
pattern recognition, they struggled with sequential data and lacked the scale for complex tasks[17]. Recurrent neural
networks (RNNs) later improved contextual information retention with long short-term memory networks[25] and gated
recurrent units becoming dominant sequence-processing architectures[26]. These networks powered breakthroughs in
image recognition and NLP, fueling an Al renaissance[27]. However, RNNs faced challenges: (1) Retaining information
across long sequences; and (2) Limited parallelization during training, which constrained scalability. These shortcomings
highlighted the need for deeper, more efficient architectures.

Deep learning: Deep learning (DL), a subset of ML, uses multilayered (“deep”) artificial neural networks to model
complex data patterns[18,19] and proved particularly effective for tasks where manual feature extraction was impractical,
especially in large imaging datasets.

Significant limitations remain: DL and ML both require large, diverse, and well-annotated datasets, which are often
difficult to obtain due to privacy restrictions, institutional variability, and the high cost of expert labeling. Models are also
vulnerable to bias and poor generalizability, as performance often drops when applied to underrepresented demo-
graphics, new imaging protocols, or to data from different equipment. Furthermore, their interpretability remains limited:
Deep neural networks function as “black boxes,” making clinical trust and regulatory approval difficult[28]. Equally
pressing are integration and sustainability issues. Clinical adoption requires seamless incorporation into workflows,
ongoing retraining to match rapidly evolving imaging techniques, and careful attention to ethical, regulatory, and
workforce considerations[19]. Overfitting and narrow task-specific performance further constrain real-world utility,
underscoring the gap between research prototypes and practical deployment. In summary, ML laid the groundwork for
automated pattern recognition in radiology, neural networks expanded contextual understanding, and DL harnessed
depth and scale for tackling complex imaging tasks. Together, these approaches have transformed radiology while still
grappling with data scarcity, bias, interpretability, and integration challenges.

Attention breaking mechanism and the Transformers

Dzmitry Bahdanau et al[29], introduced the attention mechanism in 2016 addressing challenges faced with traditional
architectures that were known to struggle with longer input sentences. This was a significant breakthrough in the context
of sequence-to-sequence models, particularly for neural machine translation. The attention mechanism allowed the model
to selectively focus on different parts of the input sequence when generating each word of the output sequence and was a
huge improvement over previous methods, which struggled with long sentences because they had to compress the entire
input into a fixed-length vector. Bahdanau et al[29], “attention mechanism” allowed the model to dynamically “pay
attention” to the relevant parts of the input. This mechanism therefore allowed models to focus entirely on relevant parts
of input sequences dynamically, improving translation quality immensely. This innovation directly addressed a key
limitation of earlier neural network architectures in NLP.

Transformers: Subsequently, 8 Google employees, wrote the historic “Transformers Paper” the most consequential
technology breakthrough in recent history[27]. The transformer architecture was a revolutionary neural network
architecture that relied entirely on the attention mechanism. It eliminated the need for RNNs or convolutional neural
networks, which were previously the dominant architectures for sequence-to-sequence tasks. The limitations in handling
long sequences effectively before the “Transformer era” were a core motivation for the Transformer’s development as
highlighted in the “Attention is all you need” paper[30]. The Transformer architecture provided a more effective way to
process sequential data, paving the way for significant advancements in NLP. Although the transformer architecture used
“attention” it is actually much greater than the original attention mechanism. Bahdanau et al[29], introduced the concept
of attention, while the Google team built an entire architecture around it. The transformer architecture used a self-
attention model, that allowed the model to look at the input, and then look at the input again, in relation to itself and also
uses an encoder and decoder system, that greatly enhances the ability of the model. This allowed the model to: (1)
Directly access and weigh the importance of different parts of the input sequence when processing each position, which
addressed the long-range dependency problem; and (2) Perform parallel processing. Unlike RNNs, the Transformer
architecture allows for significant parallelization during training. This made it possible to train much larger models on
massive datasets, unlocking unprecedented levels of language understanding and generation. This scalability and
improved handling of context were crucial steps towards the development of LLMs and their subsequent evolutions,
including the multi-modal LLMs (MLLMs) used in medical imaging[31]. Although Bahdanau et al’s work[29] was a
crucial steppingstone that paved the way for the transformer architecture, the Google “8 authors team” took that idea and
built a much more powerful and versatile system. These authors started with neural networks - and made it into some-
thing else: A digital system so powerful that its output can feel like the product of an alien intelligence. Called
transformers, this architecture is the not-so-secret sauce behind all those mind-boggling Al products, including ChatGPT,
Gemini and the omnipresent mesmerizing graphic generators one interacts with of late[27]. The Transformer innovation
was a turning point, enabling more advanced NLP models which provided the impetus for the emergence of sophist-
icated language models like Llama 2 (developed by Meta AI), GPT-4 (developed by Open Al), and a host of others[32]
including the hot out of the oven Llama 4, with a mind boggling 2 trillion parameter model[33]. All of these, underpinned
by extensive training data, have elevated NLP to a level of understanding and text generation that closely approximates
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human-like language. The success of the Transformer architecture demonstrated the power of scaling and novel
architectural designs in overcoming previous limitations in NLP. Earlier, the dominant sequence transduction models
were based on convolutional neural networks in an encoder and decoder configuration. Vaswani et al[30] proposed a
novel, simple network architecture based solely on an attention mechanism, dispensing with recurrence and convolutions
entirely. Their model entirely replaced recurrent and convolutional networks with self-attention mechanisms, enabling
much greater parallelization and efficiency. Their single model with 165 million parameters, achieved 27.5 Bilingual
Evaluation Understudy (BLEU) on English-to-German translation, improving over the then existing best ensemble result
by over 1 BLEU. On English-to-French translation, they outperformed the previous single state-of-the-art with model by
0.7 BLEU, achieving a BLEU score of 41.1[30]. This outperformed previous state-of-the-art models significantly and gave
an immense boost to Al. Unfortunately, Google was slow to utilize this concept invented by 8 people from their own
team. However, a (then) start-up, called Open Al was quick to pounce upon this transformer-based concept[27]; and that
is how Open Al and Sam Altman made their names! Its striking how clearly the authors anticipated the broad applic-
ability of Transformer models beyond just text. Their vision for extending it to images, audio, and video has indeed come
to fruition in a massive way. Their statement “We are excited about the future of attention-based models”[30] now reads
like a profound understatement. It’s fascinating to see how a seemingly simple title, inspired by a famous Beatles song
(all you need is love), ended up getting attached to such a revolutionary piece of work that has reshaped the entire
landscape of AL

Impact on LLMs: The Transformer architecture was the foundation on which LLMs like GPT[34] and Bidirectional
Encoder Representations from Transformers[35] and Google’s Bard[36] were established and enabled advancements in
tasks such as machine translation, question answering (QA), and multimodal generative Al For example, Google’s Bard
sought to combine the breadth of the world’s knowledge with the power, intelligence and creativity of their LLMs and
drew information from the web to provide fresh, high-quality responses[36]. Pichai explained how Al could deepen our
understanding of information and turn it into useful knowledge more efficiently, making it easier for people to get to the
heart of what they were looking for. The Transformer’s ability to process long sequences and its parallelization
capabilities enabled the training of models with an unprecedented number of parameters, leading to the emergence of
LLMs with remarkable language capabilities[17,30]. This represented a significant leap in Al’s ability to understand and
generate human-like text. Yet these models still primarily operated on the statistical relationships between words
(tokens). Bard (now known as Gemini) was initially powered by a family of LLMs developed by Google Al called
Language Model for Dialogue Applications[37]. Language Model for Dialogue Applications itself was built upon the
transformer architecture.

Human-like language approximation: The capabilities demonstrated by models like GPT-4, Gemini and Llama 2, in
terms of fluency, coherence, and contextual understanding are evident in their performance on various NLP benchmarks
and in real-world applications. While “human-like” is a complex and debated term, the advancements in these models
represent a significant leap in text generation quality. These capabilities are often showcased in their respective technical
reports and evaluations. However, this impressive linguistic ability often masks a fundamental limitation: LLMs
primarily excel at manipulating tokens and identifying statistical patterns in language, rather than possessing a genuine
understanding of the underlying concepts and their relationships in the real world. This lack of deep conceptual
understanding becomes particularly apparent when faced with tasks requiring abstract reasoning or cross-modal
integration, an integral part of current healthcare needs. Thus, limiting their ability to truly understand and reason
presented concepts.

Scaling up of LLMs

LLMs like GPT-3 (2020) demonstrated unprecedented capabilities in generating human-like text by scaling up parameters
and training on vast datasets. LLMs soon began driving innovations across a vast spectrum of industries. Earliest LLMs
were mainly designed as general-purpose chatbots. The deployment of LLMs within the healthcare sector had sparked
both enthusiasm and apprehension. These models exhibited the remarkable capability to provide proficient responses to
free-text queries, demonstrating a nuanced understanding of professional medical knowledge etc[38]. While scaling has
led to emergent capabilities, such as improved performance on certain reasoning tasks; it has not fundamentally altered
the core mechanism of token prediction. This inherent limitation restricts their ability to perform robust abstract
reasoning, integrate information across different modalities (like text and images), and truly grasp the conceptual
underpinnings of the data they process, including presented concepts - the very challenges that LCMs aim to address.

Specialized medical domain models and limitations

Subsequently, research focused on developing specialized models for the medical domain, such as Meditron[39], Med-
PaLM[40], GMAI[41], BioMistral[42], by medical knowledge enriching of the training data of LLMs. However, this
approach required significant computational resources that were not commonly available and the same was also not
applicable to closed-source LLMs, which are often the most powerful[43]. While LLMs had achieved state-of-the-art
performance on a wide range of subjects, including medical QA tasks, they still faced challenges with hallucinations and
outdated knowledge[44]. Hence techniques such as the already widely adopted retrieval-augmented generation (RAG)
[45] were introduced in the medical domain, which allowed information to be dynamically retrieved from medical
databases during the model generation process. Thus, enriching the output with medical knowledge without any need to
train the model[44]. The reliance on external knowledge retrieval mechanisms like RAG highlights the LLMs” inherent
limitations in storing and reasoning with vast amounts of information in a conceptually rich and readily accessible
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manner[45]. It underscores their dependence on surface-level pattern matching rather than a deep understanding of the
underlying medical concepts. Despite their proficiency in language, the lack of deep conceptual understanding can lead
to errors in reasoning and the generation of plausible but incorrect medical information (hallucinations), a critical concern
in high-stakes domains like healthcare, where accuracy and reliability are paramount. This fundamental limitation
underscores the need for Al models that go beyond surface-level language processing and possess a more robust
understanding of medical concepts and their interrelationships[31].

Detailed applications of LLMs in clinical workflow

LLMs have been used for other varied purposes in the medical domain which included named entity recognition,
extracting other clinical information from electronic health records, document classification, summarizing, structuring, or
explaining medical texts, relation extraction to natural language inference, streamlining administrative tasks in clinical
practice, and enhancing medical research, multi-modal applications, quality control, education and question-answering][7,
38,46,47]. Nazih and Peng[38] provide a comprehensive exploration of the current landscape of LLMs in healthcare,
addressing their role in transforming medical applications. By leveraging the capabilities of LLMs in healthcare processes,
organizations can provide better patient care, research, and data privacy thanks to LLMs” ability to generate, and
summarize text-rich data[48]. In an article titled “Best 10 LLMs in Healthcare in 2025” Dilmegani et al[48] have elaborated
upon LLMs in healthcare in detail; wherein they have also stated that LLMs have also been used to assist in transcribing
and summarizing doctor-patient conversations, drafting patient discharge summaries, generating diagnostic reports and
that Al-powered chatbots can handle tasks like symptom triage, providing health information, and translating medical
jargon into patient-friendly language. LLMs can also help bridge communication gaps between healthcare providers and
patients, especially those who speak different languages, enhancing understanding and care delivery. For literature
review/research support too LLMs can assist in extracting key insights from the vast resources of available medical
literature, summarizing recent studies, and collating requisite evidence on clinical conditions or treatments. Such LLMs
evolved rapidly from a score of 33.3% (GPT-Neo December 2020) to 86.5% in March 2023 (Medical PaLM 2), on Medical
Question Answering (United States Medical Licensing Examination style) accuracy[48]. While these applications
demonstrate the utility of LLMs in automating and enhancing various aspects of healthcare, they often rely on sophist-
icated pattern recognition and language manipulation rather than a deep, conceptual understanding of the underlying
medical knowledge. This highlights the potential for more robust and reliable Al, through models that can truly
understand and reason about medical concepts. An Al model is helping researchers detect disease based on coughs.
Google Research introduced health acoustic representations (HeAR), a bio-acoustic foundation model designed to listen
to human sounds and flag early signs of disease[49]. HeAR was trained on 300 million pieces of de-identified audio data
and used to develop a cough model trained with approximately 100 million cough sounds. This model is now being used
by Swaasa to enhance early detection of tuberculosis (TB)[50]. “Every missed case of TB is a tragedy; every late diagnosis,
a heartbreak,” attributed by Shetty[50], to Kakarmath a product manager at Google Research working on HeAR and
“Acoustic biomarkers offer the potential to rewrite this narrative”. Having proposed a collaborative global effort to
eradicate the scourge of TB, vide our “TB Revisited” plan, amongst others[51], we heartily welcome such
accomplishments and feel that they will further the global effort to eradicate TB. This example highlights the potential of
Al beyond language and underscores the need for models capable of integrating and reasoning across different data
modalities - a hallmark of LCMs.

Radiological perspective[2,19,52-56]: The opportunities to apply LLMs in radiology is diverse, with new research being
published every day. These results already indicate that LLMs will soon be applied to every aspect of radiology practice
[2]. They have proven to be valuable in answering radiology-related questions, providing clarifications regarding
procedures, and offering general information about different types of imaging modalities[3]. They can play a role in
patient triage and workflow optimization, by helping in the automated determination of the imaging study and protocol
based on radiology request forms[4] and in generation of radiology reports[5]. Algorithms like ChatGPT can improve
patient outcomes, increase the efficiency of radiology interpretation, and aid in the overall workflow of radiologists[6].
Adams et al[7] reported that GPT-4 was an effective tool for post hoc structured reporting in radiology, with its auto-
nomous ability to select the most appropriate structuring template making it a highly scalable and easily implementable
solution that required minimal database restructuring effort. Furthermore, LLMs have been shown to be versatile tools
for establishing an accurate differential diagnosis (with the potential to improve clinicians” diagnostic reasoning and
accuracy in challenging cases and to empower physicians and widen patients” access to specialist-level expertise[8].
ChatRadio-Valuer, for example surpassed state-of-the-art models in disease diagnosis in radiology reports and reduced
the workload of expert annotation[8]. LLMs have also served as prognostic models in medicine, analyzing vast, complex
datasets to predict patient outcomes and guide treatment decisions[38,57]. Jiang et al[57] approach, for instance, leveraged
advances in NLP to train an LLM for medical language and subsequently fine-tuned it across a wide range of clinical and
operational predictive tasks. The deployment of these intelligent systems has bolstered decision-making, expedited
diagnostic processes, and elevated the quality of patient care. They have been used to grapple with the ever-expanding
body of medical knowledge, decipher intricate patient records, and formulate highly tailored treatment plans[38].

Evolution to multimodal models and advanced architectures: More recently, large multimodal models (LMMs) are
emerging as powerful tools, particularly in radiology[55,56]. These models, built upon LLMs, including through the use
of techniques like context engineering[58] and prompt engineering[55], integrate various imaging types (e.g., CT, MRI, X-
ray, endoscopy, digital pathology) alongside textual data such as radiology reports, clinical notes, and structured
electronic health record (EHR) data[31]. Their defining feature is the ability to concurrently process and align information
across modalities, often mapping them into a shared representational space. This synergy allows for a more compre-
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hensive understanding than unimodal approaches permit[55]. This capability enables them to tackle complex cross-
modal tasks such as radiology report generation from images and visual QA (VQA) that incorporates both imaging and
clinical context[31,55]. Current applications of LMMs span automatic generation of preliminary radiology reports, visual
query answering, and interactive diagnostic support. Examples of this evolution include embeddings for language/
image-aligned X-rays which leveraged a language-aligned image encoder grafted onto a fixed LLM, PaLM 2, to perform a
broad range of chest X-ray tasks[59]. CheX-GPT[60], RadLing[61] are other examples for the chest X-ray domain. Despite
these promising capabilities, several significant challenges hinder widespread clinical adoption. For example, LMMs
require access to large-scale, high-quality multimodal datasets, which are scarce in the medical domain. Their im-
plementation is further complicated by risks of hallucinated findings, lack of transparency in decision-making processes,
and high computational demands, a challenge shared by earlier LLMs as well. Nam et al’s review[31] summarizes the
current capabilities and limitations of MLLMs in medicine and outlines key directions for future research. They suggested
critical areas include incorporating region-grounded reasoning to link model outputs to specific image regions,
developing robust foundation models pre-trained on large-scale medical datasets, and establishing strategies for the safe
and effective integration of LMMs into clinical practice. Recently, it has been reported that LLMs can now learn without
labels, enabling self-evolving Language Models using unlabeled data[62]. A new algorithm called self logits evolution
decoding (SLED) has been introduced[63]. Standard LLMs often rely solely on the final layer, potentially leading to
incorrect but “popular” answers due to missed contextual cues. SLED improves this by using information from all layers
of the LLM, not just the last one. It does this by reusing the final projection matrix in the Transformer architecture on
early exit logits to create probability distributions over the same set of possible tokens that the final layer uses. It then
takes a weighted average of the distributions from all the layers, giving more importance to some layers than others, thus
refining the LLM's predictions by incorporating information from different stages of its processing. However, all these
advanced models are still fundamentally built upon LLMs and are therefore vulnerable to similar limitations. Being LLM
based models, they still fundamentally process statistical patterns between words rather than abstract concepts,
potentially limiting their depth of reasoning and long-range coherence compared to a human physician’s diagnostic
abilities.

Limitations of Al

ML, DL, and LLMs: While ML, DL, and LLMs have driven major advances in medical imaging, their clinical adoption
remains tempered by important limitations. These technologies require large, diverse, and expertly annotated datasets,
which are often scarce in healthcare settings. They are susceptible to variability and bias, raising risks of inequitable
outcomes across patient groups and imaging protocols. Their decision-making processes often lack interpretability,
making it difficult for clinicians to trust or validate outputs in critical diagnostic contexts. In addition, training and
deploying advanced models entails substantial computational and environmental costs, challenging sustainability and
scalability. Finally, there are unresolved ethical and regulatory concerns, including questions of liability, data privacy,
and the absence of robust frameworks for validating non-deterministic outputs[19,52-55]. Collectively, these constraints
highlight why Al systems in medicine are best viewed as decision-support tools rather than autonomous replacements
for clinicians. Taken together, these limitations illustrate why Al in its current forms - ML, DL, and LLMSs, cannot yet
serve as fully autonomous clinical decision-makers. They remain valuable adjuncts but not replacements. Although Al
has advanced far beyond the rule-based systems of the past, there is still a pressing need for models capable of deeper
conceptual reasoning and contextual understanding, thinking more like the human brain does. Further in this manuscript
we highlight the continuous efforts undertaken to enhance Al's capabilities in understanding and reasoning about
complex information including the birth of LCMs[30], which in reality have been considered by some to represent a
potential natural evolutionary step for LLMs[64]. LCMs offer a conceptual leap, moving beyond simple tokenization and
enabling models to operate at the level of clinical concepts, sentences, and integrated multi-modal data streams. This
architecture allows for the preservation of complex relationships across a patient’s medical record - from imaging and
pathology to laboratory results and genomic data, driving more robust abstraction, contextual synthesis, and reliable
clinical interpretation.

The concept of concept models

In June 2022, Merchant et al[51] published their maxim: “AlI needs real intelligence to guide it!” They proposed a
multimodal, holistic approach to Al in healthcare, emphasizing that to maximize accuracy and utility in diagnosis and
treatment, Al must incorporate experiential wisdom accumulated over decades of clinical practice. Key teaching and
clinical parameters, including prognostic indicators, should complement big data to enhance algorithmic performance[19,
51]. This appears to be among the earliest works to advocate for concept-based processing in Al, particularly in the
medical domain. The authors stressed the need to move beyond a purely data-driven approach and to integrate human
expertise for more reliable outcomes. As Merchant[65] noted - echoing Alan Kay’s quote, “The best way to predict the
future is to invent it” - his vision of making “machines think like us, not the other way around”[65] finds a natural
extension in the development of LCMs[66].

The birth of LCMs: The first successful implementation of LCMs was from META’s FAIR team on December 11, 2024[67,
68]. They introduced a concept-based architecture operating on explicit semantic representations that were language and
modality-agnostic. Their “LCMs” treated a concept as equivalent to a sentence, relying on SONAR - an embedding space
supporting 200 languages in both text and speech. Using models with 1.6B parameters and training on 1.3T tokens, LCMs
demonstrated impressive zero-shot generalization across languages, outperforming same-size LLMs. This marked a
major step toward human-like reasoning: While LLMs excel at statistical language modeling, LCMs target structured
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understanding of concepts and their relationships[67,68]. Although still in their infancy and not yet as widely recognized
as LLMs, LCMs are positioned to address the key limitations of LLMs and to enable genuine conceptual reasoning, logical
inference, and ethical alignment[66,69].

Understanding LCMs: LLMs process input at the token level, often struggling with coherence over long sequences, a
major drawback in domains like healthcare that demand extended, precise reasoning[70]. LCMs, by contrast, process
sentences or concepts, enabling richer semantic reasoning and better handling of long contexts[71] Their design mirrors
human thought by emphasizing concepts over words, spanning modalities and languages[65,66]. Figure 1 shows the
conceptual shift from LLMs (sequential, token-based) to LCMs (relational, conceptual). Since LLMs handle input at the
token level, processing one word or sub-word at a time[70], this fine-grained approach can lead to difficulties in
maintaining coherence over long sequences, particularly for extended text generation, which is a common requirement of
healthcare, including radiology and allied fields. In contrast LCMs process fewer units (sentences instead of tokens),
enabling them to handle large contexts more efficiently and produce more structured outputs[71]. This allows them to
build “conceptual maps” that mirror how humans think. The key distinctions are summarized in Table 1, which outlines
the key methodological differences between LLMs trained primarily on natural language and specialized LCMs that are
co-trained on vast repositories of programming code. LCMs thus represent a significant advancement over LLMs, and
their creative layout mimics human thought processes by emphasizing concepts over words and span across modalities
and languages. For example, when prompted with “The scientist worked late in the ...”, an LLM predicts “laboratory”
without understanding context. An LCM, however, might generate: “The scientist worked late in the laboratory to
finalize results for a groundbreaking study”, reflecting deeper comprehension of intent[66,72]. Figure 2 displays the
architectural contrast between LLMs that use a language-centric flow vs LCMs’ integrative, multimodal concept
integration.

Key abilities of LCMs (prelude) include: (1) Understanding and manipulating abstract concepts: Going beyond
statistical patterns in language to grasp the underlying meaning, relationships, and properties of concepts (like
“infection”, “immunity”, “drug resistance”, “socioeconomic factors”); (2) Causal reasoning and inference: Understanding
cause-and-effect relationships more deeply than correlation patterns often found by LLMs; and (3) Multi-modal concept
integration: Connecting concepts across different data types (text, images, structured data, genomic data). This concept-
based approach allows LCMs to capture the underlying meaning and relationships between different pieces of
information, enabling more sophisticated Al applications, including in healthcare. For example, building and reasoning
over knowledge graphs/ontologies: Explicitly modelling the relationships between different concepts relevant to a
common disease TB (e.g., mycobacterium TB causes TB, rifampicin treats TB but can cause hepatitis, poverty is a risk
factor for exposure). This capability to model complex relationships is crucial for tasks that require deeper understanding
and inference. As Ahmed et al[71] describe, LCMs identify and embed concepts in semantic space, reasoning across
diverse expressions. This “conceptual learning” extends beyond pattern recognition, allowing models to infer meaning
and apply it in context[73,74]. Since they are trained on both text data and conceptual data, this allows LCMs to develop a
deeper understanding of the meaning of the text that they generate and hence implement concepts too[66].

Key disadvantages of ML/DL and LLMs in radiology and healthcare

While ML, DL, and LLMs have transformed radiology and medical imaging, they remain constrained by several key
limitations that must be acknowledged for responsible clinical adoption[2,19,52-56]. Many limitations of LLMs have
already been described in general Al discourse, but their impact in radiology and healthcare is especially acute. Key
challenges include restricted reasoning, resource intensity, ethical risks, hallucinations, and misplaced trust in model
fluency. Together, these issues highlight why current AI models cannot yet function as autonomous clinical decision-
makers (Table 2). In their systematic review of 89 LLM studies across 29 specialties, Busch et al[43] identified widespread
shortcomings including lack of medical domain optimization, poor transparency, non-reproducibility, unsafe outputs,
and bias. Their taxonomy distinguished between design limitations (e.g., insufficient domain adaptation, restricted data
access, opaque validation) and output limitations (e.g., non-comprehensiveness, incorrectness, unsafety, bias).
Alarmingly, nearly half the studies reviewed reported that LLMs were not optimized for the medical domain.

Data requirements: ML/DL/LLM models require vast, diverse, well-annotated datasets, for effective training and
validation. These are difficult to obtain in healthcare due to privacy constraints, institutional heterogeneity, and the
intensive expert annotation costs.

Variability and bias: Continue to undermine robustness. Differences in protocols, scanners, and patient demographics
introduce heterogeneity in image appearance. Validating the information generated by LLMs is essential and requires
regular audits, fairness-aware training[75-77]. Providing additional context or paraphrasing a question to an LLM can
change the subsequent response[78]. Hence, the validation needs to be not only on scientific rigor but also on the
contextual understanding of LLMs. For example, a non-contrast CT’s rounded peripheral hyper density - may reflect a
contusion (in the context of trauma), a metastatic lesion (in a patient with a known malignant melanoma), a spontaneous
hemorrhage (in an older patient with amyloid angiopathy), or a hemorrhagic venous infarct (in a young female on oral
contraceptives)[55]. Understanding the clinical context in such cases is critical. Bias in training data leads to underper-
formance and inequities. LLMs, which rely on massive internet-scale corpora, are especially prone to propagating
cultural, gender, or racial biases[79-81]. The inability of LLMs to filter biases properly continues to be a significant
drawback.
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Table 1 Methodological comparison of standard large language models and large concept models

Feature

LLMs

LCMs

Level of abstraction
Input representation
Reasoning and planning
Zero-shot generalization

Architectural modularity

Token-level prediction (word/sub word)

Processes individual tokens, language-specific

Focuses on local predictions, lacks structured reasoning
Requires fine-tuning for new tasks/Languages

Monolithic transformer, hard to modify

Concept-level prediction (sentence/idea)

Uses sentence embeddings, language-agnostic

Explicitly models hierarchical reasoning and structured planning
Strong zero-shot learning across languages and modalities

Modular design, allows easy extension and updates

LLM: Large language model; LCM: Large concept model.

* Processes text as a sequence

of tokens

« Limited context window

Pattern
matching

Token
prediction

Token vs concept

Sequential vs relational

« Processes information as
interrelated concepts
« Extended contextual awareness

Concept
mapping

Relational
memory

Limited vs extended context
Contextual
understanding

Statistical
analysis

\ /
v
Maintains coherence across

longer contexts
« Builds relational understanding

« Struggles with long-range

dependencies
« Prone to context fragmentation

LLM vs LCM

Figure 1 The conceptual shift from large language models to large concept models. This diagram illustrates the fundamental difference in
processing. Large language models operate via a sequential, token-based analysis, leading to potential context fragmentation and struggles with long-range
dependencies. Large concept models operate on a relational, conceptual level, building a deeper relational understanding and maintaining coherence across longer
contexts. LLM: Large language model; LCM: Large concept model.

Incorrectness, hallucinations, and related phenomena: Incorrectness was reported in 32.9% of cases (Busch et al[43]).
Many of these errors stemmed from hallucinations, fabricated or inaccurate outputs without grounding in input or
reality. Busch et al[43] further categorized these into: (1) Illusion (13.5%): Characterized by the generation of deceptive
perceptions or the distortion of information by conflating similar but separate concepts (e.g., suggesting that MRI-type
sounds might be experienced during standard nuclear medicine imaging); (2) Delirium (38.2%): Generating significant
gaps in vital information, resulting in a fragmented or confused understanding of a subject (e.g., omission of crucial
information about caffeine cessation for stress myocardial perfusion scans); (3) Extrapolation (12.4%): Applying general
knowledge or patterns to specific situations where they are inapplicable (e.g., advice about injection-site discomfort that is
more typical of CT contrast administration); (4) Delusion (15.7%): A fixed, false belief despite contradictory evidence (e.g.,
inaccurate waiting times for a thyroid scan); and (5) Confabulation (20.2%): Filling in memory or knowledge gaps with
plausible but invented information (e.g., “You should drink plenty of fluids to help flush the radioactive material from
your body”, for a biliary system-excreted radiopharmaceutical)[43]. These errors, ranging from minor inaccuracies to
complete fabrications, raise serious concerns about the reliability of LLMs in medical contexts, where even small mistakes
can have significant consequences[43].

Hallucination: Rates are not trivial: 15%-20% in ChatGPT alone[6,82]. Factors such as biased training data, source-
reference divergence, and token-by-token prediction increase susceptibility[82]. In medicine, where accuracy is critical,
hallucinations raise the risk of misinformation, unsafe recommendations, or discriminatory content[55]. A summary of
causes and types of Hallucinations and other forms of model incorrectness in LLMs are listed in Figure 3. LLM
hallucination may stem from factors such as source-reference divergence, biased training data, and privacy concerns;
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Table 2 Key limitations of artificial intelligence in radiology: From machine learning to large language models

Category Description Ref.
Data requirements Al models (ML, DL, LLMs) require vast amounts of high-quality, annotated data, which is scarce  Nadkarni and Merchant
in the medical domain. Privacy concerns and the cost of data acquisition and annotation are [19], 2022
significant barrier
Hager et al[52], 2024
Variability and bias Differences in imaging protocols, scanner types, and patient demographics can reduce model Marcus et al[79], 2023
robustness. Training on biased datasets can perpetuate and even amplify clinical disparities
Chen et al[80], 2021

Guo et al[81], 2024

Incorrectness and LLMs, in particular, may produce outputs that are factually inaccurate or fabricated. This is a Guo et al[81], 2024
hallucinations critical issue in high-stakes clinical
scenarios where accuracy is paramount Olabiyi et al[17], 2025

Floridi et al[88], 2018

Bajaj S et al[6], 2024
Limited contextual LLMs operate at a token level and struggle with long-range dependencies, abstract reasoning, and Hendrycks et al[86], 2021
uderstanding integrating non-linguistic data. This leads to outputs that are often superficial and lack the depth
of a human physician’s diagnostic reasoning Marcus et al[79], 2023
Polonski et al[96], 2018
Bender et al[87], 2021
Najjar et al[18], 2023
Jiang et al[57], 2023
Nam et al[31], 2025
Grandison[64], 2025
Vaswani et al[30], 2017
Lack of interpretability =~ Many Al models function as “black boxes”, providing no insight into their decision- making Hendrycks et al[86], 2021
and trust process. This opacity undermines trust among clinicians and poses a significant hurdle to clinical
adoption and patient safety Bender et al[87], 2021
Performance in rare Al performance often deteriorates in rare conditions, atypical presentations, and underrep- Busch et al[43], 2025
diseases resented demographics. These “edge cases” demand nuanced reasoning that goes beyond narrow
pattern recognition Ouyang et al[84], 2025
Atil et al[85], 2025
Obsolescence and The rapid pace of innovation in radiology means models must continually adapt to new Najjar et al[18], 2023
adaptability techniques and protocols. Without frequent
retraining and validation, Al systems can become obsolete, or their performance can degrade
Clinical integration and Embedding Al into clinical workflows Nadkarni and Merchant
medicolegal [19], 2022
Liability Requires extensive infrastructure and training. If an Al error leads to patient harm, the question of Hager et al[52], 2024
legal liability between developers, institutions, and clinicians remains a significant, unresolved
barrier Soni et al[55], 2025
Computational and Training and running large-scale models like LLMs are resource-intensive, expensive, and havea  Faiz et al[90], 2024
environmental costs high carbon footprint, which presents a sustainability challenge
The Institution of
Engineering and
Technology[92], 2024
Ren et al[93], 2024
Delusions of progress ~ The overestimation of current Al capabilities, often due to misleading metrics, can lead to a Topol[1], 2019

“delusion of progress” that results in flawed decision-making and misplaced trust in high-stakes
clinical scenarios

Al Artificial intelligence; ML: Machine learning; DL: Deep learning; LLMs: Large language models.

leading to potential spread of misinformation, discriminatory content, and privacy violations[82]. The problem of
hallucinations is particularly concerning in critical applications like healthcare, where inaccurate or fabricated
information can have severe consequences. This highlights a fundamental limitation of LLMs: Their lack of grounding in
reality and true understanding makes them prone to generating outputs that are not only incorrect but also potentially
harmful.
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Figure 2 Architectural contrast of data processing in large language models vs large concept models. This diagram contrasts the linear, text-
focused processing of large language model (LLM) with the integrative, multimodal architecture of large concept models (LCMs). A: LLM - language-centric flow: Text
input flows into a centralized language processing core, producing text-based output. This represents LLM’ sequential, language-driven pipeline; B: LCM - multimodal
concept integration: Multiple input types - text, image, audio, structured data - converge into a more complex processing core capable of extracting and reasoning
over abstract, cross-modal concepts. The output is richer and reflects a broader understanding that spans diverse modalities. LLM: Large language model; LCM:
Large concept model.

Privacy and safety: Busch et al[43] found that 32% of studies judged LLM outputs unsafe (including misleading), 28.2%
contained harmful content, and smaller but notable proportions revealed language bias (2.3%), insurance-related bias, or
disparities affecting underserved racial groups and underrepresented procedures (1.1% each). These findings raise
concerns that LLMs may perpetuate or even exacerbate healthcare inequities. Compounding these risks, LLMs remain
vulnerable to “jailbreak” prompts - crafted queries that disguise harmful intent within narratives or instructions. Such
attacks exploit token-based prediction and weak safety filters, leading to inappropriate, biased, or unsafe outputs[83]. In
healthcare, this could result in unauthorized advice, misinformation, or privacy violations.

Non-comprehensiveness and reliability: Busch ef al[43] reported that nearly 90% of reviewed studies demonstrated non-
comprehensiveness. In clinical settings, incomplete results can have severe consequences, ranging from missed diagnoses
to insufficient therapy recommendations that undermine entire treatment plans. For example, an incomplete therapy
suggestion could compromise an entire treatment plan and risk patient harm. This pervasive non-comprehensiveness
therefore represents a major obstacle to the safe and effective use of LLMs in healthcare decision-making. Additional
reports[84,85] emphasize the non-reproducibility of LLM outputs, which obstructs validation and raises serious
challenges for clinical trust and safe integration.

Interpretability and trust: DL and LLMs operate as “black boxes,” recognizing correlations without causal reasoning.
Although LLMs show promise for text-heavy integration, coherence across data types is inconsistent[55]. Their opacity
undermines clinicians’ trust, particularly when recommendations lack medical interpretability[55,86,87]. Providing
identical queries in slightly altered contexts may also produce inconsistent responses, illustrating the fragility of their
contextual reasoning[55].

Feedback loops and error propagation: Systematic misinterpretations or clinician overreliance may amplify diagnostic
errors. Without active monitoring and retraining, these “model drifts” can compromise patient safety[55].

Ethical risks: Remain unresolved. Prejudices embedded in training datasets can manifest in biased or harmful outputs[17,
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Causes and types of LLM hallucinations
and other forms of model incorrectness
Causes of LLM hallucinations Types of LLM hallucinations
Source-reference divergence Sentence contradiction
Exploitation through jailbreak prompts Prompt contradiction

Reliance on incomplete datasets Factual contradiction

Overfitting and lack of novelty Nonsensical output

Guesswork from vague prompts Irrelevant or random output

Training data limitations % Confabulation (Plausible but invented)

Context window constraints Omission of crucial information

Figure 3 Causes and types of large language models hallucinations and other forms of model incorrectness (such as lllusion, delirium,
extrapolation, delusion, confabulation). LLM: Large language model.

81,88]. Some of the ethical concerns can be attributed to “Hallucinations”[82]; and also relate to its potential impact on
employment.

Computational resources and environmental costs/resource intensity and sustainability: Training deep models and
large LLMs demands advanced graphics processing units/tensor processing units, massive storage, and a high energy
consumption[55]. This poses financial and sustainability barriers[69,89], particularly for under-resourced health systems
[90,91]. Training ChatGPT-3, for example, consumed energy comparable to millions of hours of video streaming[92].
Although some analyses argue that LLMs may offer efficiency gains compared to human labor[93], the balance between
performance and environmental cost remains unresolved. Diffusion models, though powerful, remain computationally
prohibitive for many medical applications[94,95].

Clinical integration: Integrating Al into healthcare workflows requires substantial infrastructure, clinician training, and
cultural adaptation[19]. Models must also be frequently retrained to reflect new imaging modalities, evolving protocols,
and shifting data distributions, creating heavy resource burdens. Overreliance on imperfect systems risks “error
propagation”, where clinician trust amplifies systematic model errors[55].

Delusions of progress: Excessive trust in Al can create “delusions of progress”, where fluency is mistaken for compre-
hension. This misplaced confidence risks adoption of outputs that lack nuance, clinical grounding and contextual
understanding needed for ‘high-stakes medicine” decision making[1,55].

Limited contextual understanding and high-level reasoning: ML, DL systems and LLMs, while powerful, have inherent
limitations in contextual comprehension and high-level reasoning. LLMs operate primarily at the token level, processing
language as patterns rather than interconnected concepts[55]. This often results in superficial outputs that lack depth and
nuance, with potential misinterpretation of metaphorical or context-dependent language[79,86,96]. The “stochastic
parrots” critique underscores that fluency does not equal comprehension[87].

Limited high-level reasoning: These Al models struggle with high-level reasoning, particularly in tasks requiring
abstraction, multi-step problem solving, or integration of domain-specific knowledge[18,79]. In radiology, this can
manifest as misinterpretation of complex imaging patterns, incorrect differential diagnoses, or oversights in multi-modal
clinical reasoning when subtle relationships across patient history, imaging, and laboratory data must be synthesized[31,
57]. These limitations highlight the need for advanced Al frameworks, such as LCMs, which aim to model concepts and
relationships in a manner more akin to human cognition[30,64].

Regulatory, ethical challenges and practical considerations: Include validation, safety, accountability, ethical concerns,
data privacy, and algorithmic bias. Radiology is a rapidly evolving field with new imaging techniques and data types
emerging frequently. Most models require continuous retraining and updating to keep pace with these advancements,
which is resource intensive[55]. Regulatory approval remains limited. The United States Food and Drug Administration
(FDA) has so far authorized nearly 1000 Al-enabled medical devices, but none have been based on LLMs. This highlights
a regulatory gap between conventional Al systems, which are relatively constrained and validated for specific functions,
and LLMs, whose non-deterministic and non-transparent outputs pose unique challenges for clinical validation and
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safety monitoring. Their susceptibility to variability, error, and non-reproducibility calls for entirely new regulatory
frameworks[97].

Model specific limitations: Include limited scope and overfitting. Many current ML/DL applications in radiology are
designed for specific tasks or clinical situations, rather than the broad spectrum of real-world clinical scenarios. DL
models can overfit training data, leading to poor performance on unseen datasets if training data are not sufficiently
diverse or representative.

Rare diseases and edge cases: Al performance often deteriorates in rare conditions, atypical presentations, and underrep-
resented demographics. This “long tail” of medicine challenges models trained primarily on common conditions and is
particularly relevant in radiology, where edge cases demand nuanced reasoning beyond narrow pattern recognition.

Transparency, reproducibility, and peer review: Lack of transparency in model design, opaque validation, and absence
of external reproducibility hinder clinical trust[43,84,85]. Independent peer review and access to external datasets are
essential for acceptance.

Dynamic nature of radiology: The field’s rapid pace of innovation poses its own challenge. DL models must continually
adapt to new imaging techniques, protocols, and disease presentations, requiring frequent retraining and validation[18].
Without such updates, Al systems risk obsolescence or degraded performance.

Medicolegal liability: Remains unresolved: If an Al-generated recommendation leads to harm, liability between
developers, institutions, and clinicians remains unclear[55]. This ambiguity represents a significant barrier to clinical
deployment of LLM-based systems. Ethical concerns, such as patient data privacy, algorithmic bias, and the potential
impact of automation on radiology employment, further complicate adoption.

Moving forward

The advent of LLMs, epitomized by OpenAl’s ChatGPT marked a transformative leap in NLP. However, despite their
impressive capabilities, LLMs face inherent architectural limitations, especially in specialized domains such as radiology
[98-100]. Additionally, the development of LLMs has been led largely by computer scientists and business stakeholders,
with little direct input from radiologists and physicians[19,51,101]. Without stronger collaboration, the gap between
technical performance and clinical applicability will persist. These constraints underscore that LLMs should be treated as
adjuncts, not autonomous decision-makers. Radiology, given its complexity and reliance on contextual integration,
demonstrates both their utility as well as exposes their critical shortcomings. Despite the transformative advances
through ML and DL in imaging analytics, anomaly detection, and diagnostic support, unresolved challenges remain:
Data access, interpretability, bias, workflow integration, sustainability, and especially regulatory and legal oversight.
Until these are systematically addressed, Al in radiology will remain powerful but constrained, unable to fully deliver on
its full promise. More recently, LMMs are emerging as powerful tools, particularly in radiology[55,56]. These models,
built upon LLMs and enhanced by techniques like prompt engineering[55], integrate multiple imaging types (e.g., CT,
MRI, X-ray, endoscopy, digital pathology) alongside textual data (radiology reports, clinical notes, and structured EHR
data)[31]. Their defining feature is the ability to concurrently process and align information across modalities, mapping
them into a shared representational space. This synergy enables more comprehensive understanding than unimodal
approaches[55]. This capability enables them to address complex cross-modal tasks such as radiology report generation
from images and VQA that incorporates both imaging and clinical context[31,55]. Current applications of MLLMs span
automatic generation of preliminary radiology reports, VQA and interactive diagnostic support. Examples include
embeddings for language/image-aligned X-rays, which leveraged a language-aligned image encoder grafted onto a fixed
LLM, PaLM 2, to perform a broad range of chest X-ray tasks[59]. CheX-GPT[60]) and RadLing[61] are other recent chest
X-ray domain models. While these multimodal LLMs show great promise by integrating imaging and clinical data[31],
their clinical adoption is limited by data quality, implementation challenges, and insufficient clinician involvement. For
example, MLLMs require access to large-scale, high-quality multimodal datasets, which are scarce in the medical domain.
Their implementation is further complicated by risks of hallucinated findings, lack of transparency in decision-making
processes, and high computational demands - a challenge shared by earlier LLMs as well. Nam et al’s review[31] sum-
marizes the current capabilities and limitations of MLLMs in medicine and outlines key directions for future research.
They suggested critical areas include incorporating region-grounded reasoning to link model outputs to specific image
regions, developing robust foundation models pre-trained on large-scale medical datasets, and establishing strategies for
the safe and effective integration of MLLMs into clinical practice. Recently, it has been reported that LLMs can now learn
without labels, enabling self-evolving language models using unlabeled data[62]. A new algorithm called SLED has been
introduced[63]. Standard LLMs often rely solely on the final layer, potentially leading to incorrect but “popular” answers
due to missed contextual cues. SLED improves this by using information from all layers of the LLM, not just the last one.
It does this by reusing the final projection matrix in the Transformer architecture on early exit logits to create probability
distributions over the same set of possible tokens that the final layer uses. It then takes a weighted average of the distri-
butions from all the layers, giving more importance to some layers than others, thus refining the LLM’s predictions by
incorporating information from different stages of its processing. However, all of these advanced models are still
fundamentally built upon LLMs and are therefore vulnerable to similar limitations. They still fundamentally process
statistical patterns between words rather than abstract concepts, potentially limiting their depth of reasoning and long-
range coherence, compared to a human physician’s diagnostic abilities. LLM/LMM constraints in abstract reasoning and
multimodal integration motivate the exploration of new paradigms. Future directions may lie in LCMs, which move
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beyond token prediction to represent clinical concepts and multimodal integration in a manner more akin to human
reasoning[30,64]. By enabling abstraction and contextual synthesis across complex medical data streams, LCMs represent
a potential evolutionary step toward more trustworthy, clinically aligned Al This discussion will be continued in part 2,
which elaborates upon the conceptual framework of LCMs, an emerging paradigm that aims to overcome these
limitations by enabling richer semantic understanding and contextual reasoning. We will explore the evolution of these
more advanced models that address these limitations and the challenges that lie ahead.

PART 2 - BEYOND LLMS IN RADIOLOGY Al: INTRODUCING LCMS AS THE CONCEPTUAL
FRAMEWORK OF A NEW PARADIGM AND FUTURE DIRECTIONS

LCMs

What are LCMs? LCMs represent a transformative shift in AI's evolution beyond traditional LLMs, that rely on token-
level sequential processing. Rooted in explicit semantic representations, LCMs operate at the level of clinical concepts and
sentences rather than individual tokens, enabling enhanced semantic reasoning, long-range context synthesis, and
integration of diverse, multi-modal data types; such as text, images, and structured clinical information. This richer
conceptual framework allows LCMs to unlock insights and perform complex clinical decision-making that remains
beyond the capabilities of current LLMs[66,69]. As Stephen Hawking suggested, “We are at the very beginning of time for
the human race”. It is thus reasonable to hope for continued progress extending far beyond even today’s state-of-the-art
Al models and agents.

Technical details of LCMs

Human cognition operates on concepts, not tokens. LCMs emulate this by leveraging SONAR embeddings, covering 200
languages and 76 speech inputs[102] to represent meaning across modalities[67,68]. Unlike LLMs, which tokenize input
and predict sequential tokens, LCMs manipulate higher-order embeddings, enabling reasoning, independent of language
boundaries[67,68,70]. Innovations in LCMs include hierarchical architectures for long-form coherence, diffusion-based
generation that predicts embeddings instead of tokens, dual-tower models separating context encoding from generation,
quant-LCMs for efficiency and scalability, zero-shot generalization across unseen modalities, and SONAR-based
decoding that enables simultaneous multilingual outputs while reducing latency([74,103,104]. Figure 4A shows the
detailed architecture of LCMs, illustrating language-agnostic, universal, and multimodal concept processing. Figure 4B
combines the legends/keys for the visual elements, color coding, and capability categories shown in Figure 4A.

LCMs introduce several innovations: That can also be used to advance language modeling, such as[74,103,104]: (1)
Hierarchical architecture which mirrors the human reasoning processes and enhances the coherence of long-form content
and allows for local edits without disrupting the broader context; (2) Mean squared error regression - a foundational
approach for sentence prediction; (3) Diffusion-based generation - such models predict the next SONAR embedding
based on preceding embeddings and may be: Single tower architecture: Wherein a single transformer decoder handles
context encoding and denoising (or combined context processing and sentence generation), or dual tower architecture:
Which provides dedicated components for each task i.e. separates context encoding and denoising (separating context
understanding from generation); (4) Quant-LCM for embedding quantization and enhanced robustness ensuring
scalability and efficiency. This also addresses the quadratic complexity of standard Transformers, enabling LCMs to
handle long contexts more effectively than token-level processing; (5) Zero-shot generalization: LCMs display strong
zero-shot generalization capabilities on unseen languages and modalities by leveraging SONAR’s extensive multilingual
and multimodal support; and (6) Search and stop criteria: The search algorithm based on the distance to the “document
end” concept ensures coherent and complete generation without the need for any fine-tuning. Quantized SONAR
models: Have been considered as an upcoming enhancement in the LCM ecosystem[104] and thereby should ensure
relatively easier upgradation of LLMs to LCMs or hybrid systems.

Overcoming long-range dependencies: By encoding concepts instead of tokens, LCMs manage long-range dependencies
more effectively, reducing repetition and hallucinations[73]. Their multimodal design integrates text, images, and audio,
supporting more holistic reasoning[66]. This approach reduces computational costs and resembles META’s Joint
Embedding Predictive Architecture; though Joint Embedding Predictive Architecture emphasized abstract representation
learning, while LCMs model reasoning processes directly[105].

Representation and reasoning: LLMs represent text via token embeddings, limiting their ability to model complex
relationships. With LCMs, the internal representations are closer to the “conceptual maps” that we humans form in our
minds. LCMs explicitly encode concepts in high-dimensional space, enabling clustering, analogies, and hierarchical
reasoning[73]. An analogy with hierarchical reasoning would be the example of a university professor taking a talk on a
particular subject. He will definitely not write down all his words in his presentation, but just mention the key points
through which he derives the rest. Every time (he gives the same talk) he may use different words, but his content/key
points will remain the same, i.e. the essence of the talk remains unchanged despite the change in some/many words.
Similarly, LCMs manipulate concepts, ensuring consistency across varied expressions. As LCMs generate output by
manipulating whole concepts rather than predicting one token at a time, they maintain consistency over hundreds of
words. Sentences are the basic building blocks that represent concepts. Eliot[106] stated that LCMs can devour sentences
and adore concepts and has outlined the LCM workflow as a six-step process: (1) User enters a sentence composed of one
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Figure 4 Large concept models. A: Large concept models detailed architecture illustrates language-agnostic, multimodal data flow with universal concept
encoding, hierarchical reasoning, and multilingual output capability. This figure details the end-to-end processing pipeline of a large concept model, contrasting it with
traditional language-centric artificial intelligence. The architecture is composed of two main sections: Top (multimodal data flow): lllustrates the flow from a Language-
Agnostic Multimodal Input (accepting text, images, audio, video, and sensor data) to a Concept Encoder (like SONAR) which performs universal concept extraction.
This encoded concept is then processed in a Concept Embedding Space via multimodal reasoning and diffusion processes. Finally, a Concept Decoder generates a
Multimodal Output in any language or modality, demonstrating a true “any-input-to-any-output” capability. Bottom (core capabilities): Summarizes the three
foundational pillars that this architecture enables: (1) Language agnostic universal language understanding across hundreds of languages; (2) Multimodal integration
for unified concept understanding and reasoning across diverse data types; and (3) Universal concepts, enabling high-level abstract, logical, and causal reasoning
that is independent of culture or domain; B: Reveals the color coding, visual elements, input modality icons, key processing components and capability categories
illustrated regarding large concept models shown in Figure 4A. LCM: Large concept model.
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or more words; (2) Concept encoder examines the sentence to figure out what concepts might mathematically and
computationally underpin the text-based sentence provided in step[1] above; (3) Feed those speculated concepts into a
LCM for computational processing; (4) LCM generates responsive concepts, which the LCM produces as internal outputs
- a set of concepts; (5) Concept decoder produces text-based answers for the user; and (6) User is shown the generated
sentence composed as a result of these steps[106]. This ensures outputs maintain fidelity to original meaning, while
allowing flexible multilingual and multimodal decoding without re-running inference[67,68]. The key distinction is that
LLMs predict “what to say next”, whereas LCMs know what the prompt is about and encode “why and how” to the
answer, grounding outputs in reasoning and relationships[69]. What differentiates an LCM from other works is its power
to dive deeper into the meaning and interrelation of concepts, that generates a far more accurate response and
implementation in the outputs[69].

Strategies for conceptual correctness in LCMs

While LLMs excel at processing and generating language from statistical patterns, LCMs aim for structured under-
standing of concepts and their non-linguistic relationships[107,108]. This difference enables LCMs to address incor-
rectness in ways beyond the reach of standard LLMs.

Direct manipulation and verification of conceptual graphs/networks: LCMs represent knowledge in structured forms
such as conceptual graphs or semantic networks, allowing for direct analysis and verification[107,109,110] enabling: (1)
Identification of contradictions (e.g., “A is a type of B” vs “A is not a type of B”); (2) Verification of conceptual distance
and relevance between linked concepts; (3) Comparison of conceptual graphs with ontologies or knowledge bases; and
(4) Propagation of uncertainty scores. These operations are not feasible in LLMs, where knowledge is embedded in
inaccessible neural weights[107,110].

Multi-modal conceptual grounding: While MLLMs align features across modalities, LCMs target modality-agnostic
conceptual representations, allowing: (1) Verification of semantic consistency across modalities (e.g., “cat” in image vs
“cat” in text); (2) Confirmation of conceptual implications across modalities (e.g., an X-ray of a broken leg validating
textual implications of limited mobility)[107,108]; (3) Simulative verification and plausibility checks, by modeling causal
relationships and rejecting implausible scenarios such as the objects floating upward plausibility[111]; and (4) Meta-
conceptual reasoning and self-correction, including identification of low conceptual confidence, refinement of internal
knowledge, and explanation of reasoning in terms of conceptual transformations rather than linguistic steps[110]. LLMs,
by contrast, lack such meta-cognition.

Complementary strategies for correctness: Knowledge verification systems: LCMs must address factual errors, con-
ceptual drift, and temporal inconsistencies by aligning with established knowledge frameworks[112-114]. Beyond textual
retrieval, RAG integrates structured knowledge, ontologies, and multi-modal data to enrich conceptual grounding[45].
Uncertainty Awareness. LCMs should signal ambiguity, avoid false certainty, and request clarification when concepts are
unclear[109,113]. Adversarial Training. Strengthens resistance against conceptual manipulation, prompt injection, and
misleading inputs[114]. Human feedback loops: Enable alignment with human values, intuition, and expert knowledge
across diverse contexts[114]. Transparency Mechanisms. Facilitate user trust by making reasoning pathways and
conceptual links auditable. Multi-modal verification: Ensures consistent conceptual grounding across text, images, audio,
and other modalities[108]. Provides an overview of strategies designed to address and prevent all forms of incorrectness
in LCMs (Figure 5).

Integrated approach

A holistic framework integrates all these strategies[114]: (1) Strong pre-training on fundamental concepts; (2) Verification
layers using RAG and knowledge frameworks; (3) Explicit handling of uncertainty; (4) Human feedback for continual
conceptual refinement; and (5) Transparency to reveal reasoning and knowledge sources. Together, these strategies
address factual inaccuracies, conceptual misunderstandings, and flawed reasoning. The goal is not only accuracy but a
reliable, trustworthy, and conceptually sound Al system.

Key advantages of LCMs in healthcare

LCMs offer transformative benefits by emphasizing relationships, causal reasoning, and conceptual frameworks. For
example, incorporating lamellar effusion into screening algorithms improved pediatric TB detection[51], while re-
cognition of demographic disease shifts informs public health policy. This conceptual synthesis can significantly improve
patient outcomes[19,51]. Merchant et al[51] emphasized that “ Al needs real intelligence to guide it” underscoring the
value of combining imaging with clinical evidence rather than relying on single modalities. This reflects a broader truth
that meaningful intelligence, human or artificial, requires flexibility, humility, and willingness to adapt when established
views are disproven[115]. As Merchant[65] observed, “we are drowning in information while starving for wisdom”
pointing to the need for holistic, concept-based Al that embeds decades of experience and prognostic knowledge into its
frameworks[19,51]. Unlike LLMs, which generate outputs token by token, LCMs reason with higher-level concepts,
mapping symptoms to diagnoses, integrating comorbidities, and combining imaging, genetic, and lab data into cohesive
assessments[19,51.116]. Cross-modal capacity further allows them to integrate narratives, data streams, and images into
cohesive outputs[68,103], a critical advantage in clinical practice. A distinguishing strength of LCMs lies in semantic
reasoning and context-aware decision-making[116]. By embedding patient-specific variables such as age, lifestyle, and
comorbidities, their outputs are more interpretable than the “black box” systems of LLMs, providing explanations
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Figure 5 Strategies to address all forms of incorrectness in large concept models. These strategies work together to address the full spectrum of
incorrectness issues - from outright hallucinations to subtle misinterpretations, inappropriate confidence, and contextual misunderstandings. The goal isn't just factual
accuracy but a more reliable, trustworthy and useful artificial intelligence system overall. RAG: Retrieval-augmented generation; RLHF: Reinforcement learning from
human feedback.

clinicians can validate[117,118], thereby building trust and improving adoption.

Efficiency is another advantage: With fewer parameters and lower energy demands, LCMs support “Green AI"[69,119-
121]. Meta’s prototypes demonstrated that leaner architectures could deliver superior performance while reducing costs
and emissions. Moreover, they can be domain-tailored for radiology, oncology, or cardiology offering specialized
solutions while retaining their broader reasoning abilities[66,122]. Compared with LLMs like GPT or bidirectional
encoder representations from Transformers, which excel primarily at natural language tasks, LCMs’ conceptual depth
positions them as more suitable for complex, high-stakes healthcare applications where reasoning and interpretability
matter most[50,122].

Regulatory outlook: Since LCMs emphasize explainability and transparency, they may face fewer regulatory hurdles.
The FDA’s assessment framework prioritizes interpretability, clinician trust, and auditability, criteria that LCMs, with
clearer decision pathways, are better positioned to meet compared to opaque LLMs.

Al’s journey in radiology and the dawn of LCMs

Al has long promised to revolutionize healthcare, with radiology- an early adopter, at the forefront of experimentation
and deployment[123,124]. From initial excitement to real-world applications, the field has witnessed a decade of
evolution in both expectations and implementation[1]. To appreciate the transformative potential of LCMs, it is helpful to
briefly trace this journey. Early reviews[125] and later analyses[126] highlight both enthusiasm and anxiety around Al's
disruptive potential. They point to AI’s roles in workflow optimization, error reduction, improved imaging efficiency,
and precision medicine, all enabling earlier diagnosis and proactive healthcare. By 2024, radiology remained central to
healthcare, not only in preserving lives but also in generating significant economic output[126]. The rising demand for
diagnostic services, advances in imaging, and Al integration have fueled rapid global growth in radiology. Industry
revenues were projected to surpass 45 billion dollars by 2024 and 51 billion dollars by 2032[127,128], driven largely by
chronic illness, aging populations, and expanded healthcare access. Similarly, the Al health market, once valued at 6.6
billion dollars in 2021 with a 40% compound annual growth rate, was forecast to grow more than tenfold within five
years[129]. These market dynamics underscore radiology’s role as a global driver of healthcare innovation[124]. The
integration of Al and now LCMs promises to further accelerate diagnostic accuracy, workflow efficiency, and person-
alized care - unlocking both clinical and economic impact.

The lessons of the past and the crossroads of Al in healthcare

The decline of Kodak serves as a cautionary tale about ignoring innovation[130]. Healthcare faces a similar crossroads:
Whether to adopt Al now or wait. Despite rapid uptake of imaging equipment, software adoption, including Al, often
lags. Many radiologists remain focused on ML, even as LLMs and LCMs open far greater possibilities[66]. The impending
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widespread implementation of large context models casts a long shadow of potential disruption across the healthcare
landscape. This powerful new wave of Al promises unprecedented capabilities in diagnosis, treatment planning, drug
discovery, and personalized medicine[131]. The journey of Al in radiology, from early excitement to the current
transformative potential of LCMs, underscores the critical need for proactive adoption and strategic integration of these
advanced models to shape the future of healthcare. Kodak's fate illustrates the danger: (1) Strategic blunder leadership
resisted digital photography to protect film profits; (2) Slow adoption investments in digital were half-hearted, designed
not to cannibalize film; and (3) Inevitable decline as digital and then smartphone photography surged, Kodak became
irrelevant, filing for bankruptcy in 2012[132-134]. For healthcare, the lesson is clear: Protecting the present at the expense
of the future risks’ obsolescence. Innovate or evaporate[135]. As Darwin observed, “It is not the strongest of the species
that survives, nor the most intelligent, but the one most adaptable to change”.

The impending revolution - LCMs and the future of healthcare

With LCMs now implementable, the landscape of Al in healthcare could shift dramatically. They promise unprecedented
capabilities in diagnosis, treatment planning, drug discovery, and personalized medicine[131]. The transition, however,
demands proactive adoption. History is littered with dominant entities that failed to adapt. Economic incentives are
strong: Private payers could save 80-110 billion dollars annually in the next five years, and physician groups another 20-
60 billion dollars through Al-driven efficiencies[130]. The development of responsible Al ensuring transparency, trust,
and safety - is essential for deploying advanced technologies[136]. Yet challenges in data modeling (small sample sizes,
noisy data) and algorithmic complexity must be addressed to ensure ethical, sustainable implementation. In diagnostic
imaging and interventional radiology, Al and robotics are already enhancing workflows, though many models remain
experimental[137-145]. LLM-based models are only beginning to appear in this space, and LCMs remain largely
conceptual. Having established the foundational role of multimodal, concept-capable LCMs in healthcare, the discussion
now shifts to their broader applications. LCMs and emerging hybrid LLM-LCM frameworks are expected to transform
not only clinical care, but also research, education, and system-level decision-making. Their capacity to integrate complex
multimodal data aligns closely with radiology’s trajectory, where Al has evolved from experimental promise to
increasingly sophisticated practice. Positioned at this intersection, LCMs are poised to redefine the application of Al
across healthcare domains. The next section outlines these illustrative applications across healthcare, highlighting the
breadth of opportunities, before turning to detailed case scenarios.

lllustrative applications across healthcare

By integrating diverse conceptual frameworks, LCMs offer insights beyond conventional LLMs, synthesizing patient
symptoms, medical histories, multimodal imaging, and research literature into concept-driven diagnoses[64,69,122]. This
capability extends across domains from radiology to Interventional radiology, supporting research, clinical care, and
system-level decisions. By enabling earlier diagnoses, personalized planning, improved workflows, and collaborative
research, LCMs can enhance healthcare quality, accessibility, and outcomes worldwide. The following sections illustrate
these wide-ranging applications.

Diagnostic excellence: LCMs integrate multimodal data - including symptoms, structured histories, imaging, biomarkers,
and literature - to generate robust diagnostic insights that surpass LLMs[64,69,122]. This multidimensional synthesis
supports early disease detection, identification of subtle radiological markers, and contextual understanding of clinical
language, reconciling terminological differences across reports[51,66,74].

Key capabilities include: Early disease detection - detecting faint anomalies or subtle biomarkers by linking multimodal
signals, conceptually linking multiple data types beyond simple keyword matching[146]. Multimodal data integration
and synthesis - integrating clinical, genomic, and literature evidence to prioritize differential diagnoses, by conducting
rapid and deep reviews of thousands of research articles to identify contradictions, knowledge gaps, and emerging
hypotheses that support clinical and research decisions. Longitudinal data and clinical context awareness - summarizing
prior imaging and tracking disease evolution across records truly encapsulating the patient’s entire clinical journey.
Tracking progression of multiple conditions: Follow the evolution of symptoms, findings, and treatments across years of
patient records, supporting updated diagnosis in complex cases and for follow-up, maintaining longitudinal coherence
where standard LLMs struggle with extensive clinical context[74]. Diagnostic support and decision assistance -
correlating findings with literature to suggest or rank differentials. Global and multilingual capabilities - analyzing
multilingual clinical data at a conceptual level, enabling cross-border collaboration[67].

Longitudinal and personalized care: Radiology and medicine depend heavily on longitudinal interpretation - a challenge
LCMs address by maintaining conceptual coherence across extended records. They track lesion progression, edema
resolution, or metastasis emergence even when terminology shifts, effectively acting as a longitudinal “concept radar”[66,
74]. Integrated with electronic medical records (EMRs), genomics, and lab data, LCMs support personalized treatment,
predict therapeutic responses, flag contraindications, and optimize interventions[19,131,147,148].

Advanced imaging and radiology
Radiology’s multimodal complexity makes it an ideal test case for LCMs.

Applications include: Concept-aware archive: (e.g. Picture Archiving and Communication System) search: Moving
beyond keyword-based retrieval, clinicians can perform nuanced conceptual queries such as “progressive bilateral
ground-glass opacities” or “sclerotic bone lesions with periosteal reaction”, enabling retrieval of clinically meaningful
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studies over time[117,124]. For example, this allows radiologists to efficiently track disease progression or treatment
response by retrieving and comparing conceptually relevant prior images, reducing diagnostic delays.

Automated and grounded reporting: Drafting radiology reports directly linked to visual findings and conceptual
metadata, improving precision and reducing ambiguity. LCMs also assist in populating structured reporting templates
(e.g., Breast Imaging Reporting and Data System, Liver Imaging Reporting and Data System) based on conceptual criteria
rather than manual input[139,149]. This leads to more standardized reports that enhance communication with referring
physicians and streamline clinical decision-making.

Image quality optimization: Enhance imaging by noise reduction and contrast adjustment, facilitating better tissue
characterization and differentiation, which is critical for accurate diagnosis and treatment monitoring[141,149]. Improved
image quality can reduce repeat scans, decreasing patient exposure to radiation and lowering healthcare costs.

Workflow standardization: Guiding acquisition protocols in real time to improve efficiency, LCMs help ensure
acquisition of diagnostically optimal images, accelerating throughput and reducing the need for repeat exams[150].

Research and knowledge discovery: LCMs accelerate scientific discovery and translational medicine by modeling
complex relationships between biological, clinical, and imaging data: (1) Literature review acceleration: Uncovering
hidden patterns, reconciling conflicting findings and surfacing new hypotheses, through conceptual linkage with medical
literature[116,151]; (2) Global knowledge integration: Bridging linguistic/cultural divides in research[64]; (3) Drug
development: Predicting molecule efficacy, toxicity, and interactions by integrating molecular, clinical trial, and
regulatory datasets[19,152]; (4) Pharmacovigilance: Real-time monitoring of adverse events[149]; (5) Precision medicine:
Identifying novel correlations between imaging phenotypes, genomic markers, and clinical outcomes[153]; and (6) Patient
engagement and communication: LCMs improve health literacy and shared decision-making by translating complex
concepts into accessible language.

Multilingual and concept translation - improved cross-cultural and inter-provider communication: Utilizing a lan-
guage-agnostic concept (like SONAR), LCMs serve as universal medical translators and preserve the subtlety of medical
nuance beyond rote translation, enabling precise cross-cultural communication and remote healthcare coordination[136].
This in turn enables more accurate communication between healthcare providers, patients, and their relatives, helping
patients make informed decisions. This capability can prove to be a major game-changer in various nationwide/
worldwide ‘remote” activities and research coordination where multiple languages/dialects are common.

Simplify medical language: LCMs can make complex reports, trial info, and discharge summaries patient-friendly for
enhanced engagement and literacy, supporting better understanding and engagement[154].

Improved patient monitoring: Integrating sensor and EMR data to issue alerts, encouraging proactive care[116,151,155].
This patient-centered approach promotes equity in care and empowers vulnerable populations.

Education and training: Concept-driven platforms support clinicians and students.

Case simulation: Engaging learners in reasoning about clinical concept interrelationships, with real-time feedback and
adaptive challenges that emphasize conceptual consistency[19,65].

Immersive augmented reality/virtual reality: Providing Al tutor guidance within virtual patient scenarios, reinforcing
visual and conceptual learning grounded in the reasoning behind medical facts[19,66,149,156].

Predictive analytics and system-level decisions: LCMs aid system-level foresight by modeling interdependencies across
healthcare data.

Disaster preparedness and outbreak modeling: Simulating pandemics or supply chain disruptions[64,130].
Global data integration: Bridging linguistic and cultural barriers for enriched epidemiologic and policy insights.

Strategic market and operational analysis: Supporting strategic planning, mergers, and product development[68].

Real-world and emerging applications

Though nascent, early implementations highlight LCM potential across medicine and beyond. By moving beyond text-
centric LLMs to include visual and conceptual data, they advance diagnosis, treatment, and multi-omics research,
revealing novel biological patterns, uncovering hidden relationships e.g. protein folding dynamics[64,74,116,151]. Their
ability to process multiple data types simultaneously and discover higher-order correlations broadens applicability into
logistics, finance, manufacturing, defense, and environmental sciences. LCMs thus need not be confined to a single
purpose but may be fine-tuned for diverse industries and use cases[64] Additionally, LCMs show promise in the pharma-
ceutical and biopharmaceutical analysis of drugs, vitamins, and minerals across biological matrices like whole blood,
plasma, serum, and urine, providing nuanced insights that accelerate research pipelines. Finally, some researchers,
including our lead author, anticipate that LCMs may represent a step toward artificial general intelligence (AGI) by
bridging knowledge domains[67,68].
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Bridging to radiology - systemic benefits of LCMs

Beyond their broad applications across healthcare, LCMs also offer systemic advantages particularly relevant to
radiology. First, their conceptual reasoning strengthens predictive capabilities, enabling more accurate forecasts of
disease progression and treatment outcomes[157]. Second, by lowering technical barriers, LCMs democratize Al use,
making advanced tools accessible to radiologists without extensive computational expertise. Third, their integration
fosters innovation and cross-disciplinary collaboration, accelerating the development of novel AI applications. Taken
together, these systemic benefits provide a strong foundation for radiology-specific adoption. These theoretical
advantages become most compelling when examined through real-world clinical applications. We have elaborated upon
how concept-based inputs could be incorporated into radiology Al algorithms via case scenarios, as detailed below, in
scenarios 1-3, demonstrating the practical utility of LCMs in clinical diagnostics and workflow optimization.

Scenario 1

Adding key imaging parameters to Al algorithms: Leveraging lamellar effusion in childhood pulmonary TB (CPTB)
screening: Offers several critical advantages[19,51,65]: The urgent need for enhanced algorithms in CPTB screening. CPTB
remains a major global health challenge, particularly in high-burden, resource-limited settings, where accurate diagnosis
is hampered by clinical complexity and limited expertise[158]. Despite a significant disease burden, children often lack
access to antituberculosis treatment, as most control programs still prioritize sputum smear-positive adults[159].

Effective screening is vital for early diagnosis and timely intervention, yet several barriers persist: (1) Non-specific
clinical presentation: CPTB often mimics other childhood illnesses, complicating clinical differentiation[160]; (2) Microbio-
logical diagnostic challenges: Paucibacillary disease and difficulties in obtaining samples reduce the yield of microbio-
logical confirmation[160]; (3) Chest radiograph complexity: Chest X-ray interpretation for pediatric TB is difficult[160].
The classic Ghon complex (Ghon focus, lymphangitis, hilar lymphadenopathy) can be subtle and/or mimic normal
anatomical variations or other pathologies, demanding specialized expertise[161]. Figure 6 is a radiographic
demonstration of the classic findings of the Primary TB complex (Ghon complex) in a pediatric patient. The figure
consists of two parts and shows the typical radiographic appearance of the Ghon complex and an annotated version of
the chest X-ray clearly demarcating the peripheral Ghon focus and the enlarged, draining lymphatic vessels and hilar
lymph nodes that define the complex. Figure 7A is an axial CT image of the chest in a child and demonstrates the
complete primary TB complex (Ghon complex). The image clearly shows the parenchymal Ghon focus, prominent hilar
lymphadenopathy, and the definitive finding of a continuous chain of connecting lymphatics (lymphangitis) between the
focus and the enlarged nodes; (4) Hilar lymphadenopathy: Differentiating pathological lymphadenopathy from
prominent pulmonary arteries is particularly difficult in young children[51,162]; (5) Limited radiological expertise: Many
high-burden countries, face a severe shortage of pediatric chest imaging experts, resulting in delays and diagnostic
bottlenecks[163-166]; (6) Recognizing potentially fatal complications: Childhood TB can also be associated with serious
complications such as Hemophagocytic Lymphohistiocytosis (HLH), complicating diagnosis and management further;
and (7) Potential for algorithmic assistance: Innovative Al tools offer an opportunity to augment radiological
interpretation and improve accessibility[167]. Marais et al[160] highlighted foundational concepts in childhood
pulmonary TB: (1) Accurate case definitions: Differentiating primary infection from active disease; (2) Risk stratification:
Recognizing variable progression risk by age; and (3) Diverse disease pathology: Understanding wide clinical present-
ations requiring precise classification. Integrating these time-tested principles into modern Al design can merge expert
wisdom with large datasets to improve clinical outcomes[19,51,66].

The potential impact of leveraging lamellar effusion in algorithms: Integrating lamellar effusion detection into Al-
powered algorithms for pediatric chest X-ray analysis offers several critical advantages: (1) Improved accuracy: The high
specificity of this sign could significantly enhance the accuracy of TB screening, reducing false positives and negatives; (2)
Overcoming expertise gaps: Algorithms trained to identify lamellar effusion can function as reliable first-line screening
tools in settings without pediatric radiology specialists; (3) Empowering imaging technicians: Clear guidelines on
lamellar effusion visualization, supported by algorithmic assistance, can equip technicians to play a stronger role at the
point of care.; (4) Enhance early case detection: By focusing on a distinctive radiological marker - lamellar effusion
detection supports prompt diagnosis and treatment initiation; and (5) Feasibility and scalability: Al integration leverages
existing X-ray infrastructure, enabling cost-effective expansion in underserved populations.

Al-powered lamellar effusion detection: Translating clinical insights into Al involves designing LCMs trained on expert-
annotated pediatric chest X-rays to accurately detect lamellar effusions, distinguishing TB from other thoracic conditions:
(1) Concept: LCMs trained on expert-annotated pediatric chest X-rays - including confirmed CPTB cases and non-TB
controls - can learn subtle imaging patterns associated with lamellar effusion; and (2) Benefit: Such models would enable
highly sensitive and accessible first-line screening. Early identification of lamellar effusion could trigger timely diagnostic
workups, reduce missed cases, and enhance confidence in treatment decisions, particularly where microbiological
confirmation is not feasible. Importantly, this targeted marker allows non-expert healthcare workers to flag high-
probability cases for further expert review, strengthening TB suspicion in otherwise ambiguous presentations.
Furthermore, the presence of lamellar effusion can strengthen TB suspicion in cases where treatment is based on strong
clinical and other radiological findings.

Conclusion: Screening for childhood pulmonary TB is fraught with clinical and radiological challenges, compounded by
limited expert availability in high-burden regions. Incorporating highly specific signs such as lamellar effusion into Al
algorithms, particularly within LCM frameworks - offers a promising approach to enhance accuracy, accessibility, and
scalability of CPTB screening. This integration has the potential to improve case detection, accelerate treatment, and
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Figure 6 Tuberculosis primary complex - the classic Ghon complex. A: As seen in in a 5-year-old child: (1) Multiple: Ghon foci in the right upper lobe;
(2) Draining lymphatics heading towards; (3) Right hilar lymphadenopathy (white open arrowheads); and (4) Minimal (lamellar) effusion in right horizontal fissure with
minimal blunting of the right costo-phrenic angle. Additionally, a retrocardiac air bronchogram indicates tuberculosis (TB) broncho pneumonia (circled area) and
hepatomegaly are noted. (Image courtesy Dr. Prakash V Vaidya, Child Health Clinic, Mumbai and Sr. Consultant Pediatrician, Fortis Hospital, Mumbai 400080); B: TB
primary complex in a 5-year-old child: The classic Ghon Complex: (1) Multiple: Ghon foci in the rt. upper lobe; (2) Draining lymphatics [(1) and (2) are the areas
marked with a red outline]; (3) Heading towards right. hilar lymphadenopathy (large white open arrowheads); and (4) Minimal (lamellar) effusion in right horizontal
fissure (white arrows) with minimal blunting of the right costo-phrenic angle. Additionally, a retrocardiac air bronchogram indicates TB broncho pneumonia (circled
area), and hepatomegaly are noted. (Image courtesy Dr. Prakash V Vaidya, Child Health Clinic, Mumbai and Sr. Consultant Pediatrician, Fortis Hospital, Mumbai
400080).

;

Figure 7 Computed tomography image. A: Childhood tuberculosis primary Ghons’ complex computed tomography appearance: Laterally positioned Ghon foci
with sub-pleural involvement, with their draining lymphatics heading all the way up to right hilar lymphadenopathy. Additionally note mediastinal lymphadenopathy
(many lymph nodes reveal necrotic areas); B: Computed tomography image: Large thick-walled tuberculosis cavity communicating with the right main bronchus in a
multidrug-resistant patient. (Image courtesy Dr. Anagha Joshi, Prof and HOD, Radiology, LTMMC and LTMGH, Mumbai 400022).

ultimately reduce morbidity, mortality, and transmission in vulnerable pediatric populations[19,51].

Scenario 2

The concept of screening for pulmonary cavities in TB patients: (i.e., open TB) is crucial for isolating infectious individuals
and preventing further spread[51]. TB remains a major global health threat[168] and pulmonary cavities remain a central
feature of adult PTB. Parenchymal cavities occur in 40%-45% of post-primary PTB cases and are strongly associated with
reactivation of disease[169-171]. Multiple cavities are seen more frequently in patients with MDR TB[169-172] and (> 3
cavities) were observed only in patients with MDR TB[173]. In resource-limited settings, anti-TB treatment (ATT) often
starts on strong clinical and radiological suspicion despite negative microbiological tests, underscoring the critical need
for accurate radiological interpretation. Studies demonstrate that thick-walled cavities (> 5 mm) are frequently seen in
patients with early active TB and represent necrotizing consolidation in the early stage. The presence of lung cavities is a
significant indicator of active, often infectious, disease[51,174]. Patients with cavitary TB often have higher sputum
bacterial counts, delayed culture conversion, prolonged therapy, and increased relapse risk[168,175,176]. Kim et al[177]
demonstrated that cavity wall thickness is a reliable marker of active disease, with thinner walls (mean 3.4 mm, range 1.4-
10.2 mm) indicating chronic inactive disease and thicker walls (> 5 mm, mean 6.6 mm, range 1.3-14.7 mm) reflecting
necrotizing, transmissible disease. Figure 7B is a CT image of a large, thick-walled TB cavity communicating with the
bronchus in a multidrug-resistant (MDR) patient. Imaging also distinguishes active cavities, often with irregular thick
walls or air-fluid levels, from healed, fibrotic cavities with smooth, non-enhancing walls[169,178]. Figure 8 reveals a
comparison of axial CT images showing a TB cavity before and after 4 months of ATT. Patients with cavitary TB had
more acid-fast bacillus culture-positive results at 2 months, longer treatment duration, treatment relapses/higher
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Figure 8 Axial computed tomography images in soft tissue window and lung window in a 59-year-old female, with sputum culture
positive for mycobacterium tuberculosis. A-C: Demonstrates a thick-walled cavity in the right upper lobe. After 4 months of anti-tuberculosis treatment; D-F:

Reduced wall thickness of the right upper lobe cavity is noted (from 12.5 mm to 8.14 mm) and the cavity appears much smoother. (Image courtesy Dr. Anagha Joshi,
Prof and HOD, Radiology, LTMMC and LTMGH, Mumbai 400022).

recurrence rates than those with non-cavitary TB[168,175]. This is particularly concerning in the context of drug-resistant
TB, including MDR-TB and extensively drug-resistant (XDR) TB, given that these strains are increasingly difficult and
costly to treat, and are associated with poorer patient outcomes[168,176]. It is pertinent to note that most cases of MDR
and XDR TB have cavities[176]. TB cavities are dynamic physical and biochemical structures that interface the host
response with a unique mycobacterial niche to drive TB-associated morbidity and transmission; and advances in non-
invasive imaging can provide valuable insights into the drivers of cavitation, which in turn will guide the development of
tailored pharmacological interventions to prevent cavitation in individuals with TB[168]. Saeed[176] emphasized three
critical aspects of cavitary TB: (1) Immune hyperactivation in response to high bacillary load causes largely irreversible
lung damage. Once the bacillary growth in a cavity has increased manifold, it triggers a putative architectural distorting
cascade with very little reversibility possible, including post-treatment; (2) Once mycobacterium tuberculosis achieves a
load of a billion plus bacilli/ gram, the population gradually slows down its activity, underpinning persistence and
relapse risk, finally becoming dormant, which is the root of the cause of persistence and relapse; and (3) At this load there
is a real, though small, threat of emergence of resistant mutants and a substantially bigger threat of secondary resistance
in chronic cavities, the holy grail of MDR and XDR-TB development[179]. Timely identification of cavitary TB is pivotal
for isolation and infection control, enabling tailored treatment and reducing transmission risk[160,168,175].

Challenges of clinical and radiological detection: Traditional methods - clinical symptoms, sputum microscopy, or
bronchoscopy - are insufficient for reliably detecting cavities[180-182]. Bronchoscopy, though useful in smear-negative
cases, is invasive and offers limited scope[180]. Despite their essential role in diagnosing pulmonary TB and detecting
cavities. Chest X-rays present challenges in interpreting cavitary lesions. These challenges arise from subtle findings,
potential obscuration by lung opacities, and the presence of multiple or small cavities[183-185]. Figure 9A is a frontal
chest radiograph of a 14-year-old male presenting with cough and fever, demonstrating a thin-walled tuberculous cavity
in the right upper lobe. The situation is further compounded in high-prevalence areas due to the scarcity of skilled
radiologists[186,187]. This diagnostic gap underscores the need for automated, scalable solutions.

The need for Al-assisted detection: Traditional techniques to increase early detection, lower misdiagnosis, and streng-
then international TB control initiatives can be supported by AI[188]. The increasing burden of drug-resistant TB
underscores the urgency of rapid and accurate identification of infectious individuals[189]. Delayed detection of cavitary
disease in these patients can have significant public health implications, contributing to the amplification and dissem-
ination of drug-resistant strains[189]. Figure 9B is a frontal chest radiograph of a child with MDR TB showing a miliary
pattern in the lungs and multiple air-fluid levels in the abdomen, signs of TB intestinal obstruction. Thus, there is an
urgent need for automated, reliable, widely deployable tools capable of accurate pulmonary cavity detection on chest X-
rays in suspected or confirmed TB patients[190]. Such tools offer: (1) Enhanced infection control: Early isolation of
infectious patients to prevent spread of drug-susceptible and resistant TB strains; (2) Improved treatment strategies:
Tailored therapy based on cavity presence and characteristics; (3) Enhanced workflow: Rapid assessments reduce
radiologist backlog in high-volume settings; (4) Wider accessibility: Usable in resource-poor areas with limited expert
radiology; and (5) Proactive MDR/XDR TB identification: Timely detection supports targeted interventions.
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Figure 9 Frontal chest radiograph. A: Frontal chest radiograph of a 14-year-old male presenting with cough and fever. Radiography demonstrates a thin-walled
tuberculous cavity in the right upper lobe (white open arrowheads); B: Frontal chest radiograph of 9-year-old male with vomiting and abdominal pain, subsequently
diagnosed with MDR tuberculosis (TB). Miliary pattern seen throughout both lung fields along with multiple larger lesions indicating multiple developing cavities
(circled area), minimal effusion in the right horizontal fissure (white arrows) and hepatomegaly. Multiple air-fluid levels are seen in the visualized abdomen, signifying
intestinal obstruction due to TB adhesions (short black arrows). (Figure 9A and B courtesy Dr. Jairaj Nair. Prof and HOD, Chest Medicine, LTMMC and LTMGH,
Mumbai 400022); C: Frontal chest radiograph of 12-year-old boy with secondary hemophagocytic lymphohistiocytosis as a result of disseminated TB. Numerous
miliary nodules are noted in both lungs (extensively) with additional patchy airspace opacities noted in the medial aspect of right lower lobe (note air-bronchogram).
Calcified right hilar lymph nodes are also noted. He recovered well post treatment for same (including anti-TB treatment). (Image courtesy Dr. Prakash V Vaidya,
Child Health Clinic, Mumbai and Sr. Consultant Pediatrician, Fortis Hospital, Mumbai 400080).

Al-powered thick-walled cavity identification: Concept: Train LCMs on a vast and diverse global dataset of adult chest
X-rays. This dataset will include: (1) Images of patients with microbiologically confirmed pulmonary TB, with detailed
annotations of lung cavities, specifically focusing on those characterized by thick walls. Annotations should include
location, size, shape, wall thickness, and presence/absence of air-fluid levels. This should also include chest X-rays of
patients who started treatment based on clinic-radiological findings (even if initially smear-negative) and documentation
of any cavities present; (2) Images of patients with other lung diseases that can present with cystic or cavitary lesions (e.g.,
lung abscess, fungal infections, malignancy, pneumatoceles), with detailed annotations of these lesions to enable the LCM
to differentiate them from TB cavities; and (3) Images of healthy adult lungs and those with other non-cavitary lung
findings to establish a baseline and identify potential false positives.

Learning focus: The LCM will be trained to learn the specific visual characteristics of thick-walled lung cavities
associated with active TB, across various imaging modalities, patient demographics, and disease stages. It will also learn
to differentiate these from other lung lesions based on subtle visual cues and contextual information within the chest X-
ray.

Benefit: This initiative aims to develop a universally applicable Al tool capable of automatically detecting and
localizing thick-walled lung cavities on standard adult chest X-rays, with high sensitivity and specificity. Such a tool
would be a crucial screening mechanism for identifying potentially infectious TB patients, including those with MDR/
XDR TB, who may require isolation. Early identification of cavitary lesions can facilitate the timely implementation of
appropriate infection control measures, optimize treatment strategies, and help restrict disease spread, especially for
drug-resistant forms. This automated screening is particularly valuable in high-burden settings and for rapid initial
assessment[19,51].

Scenario 3
Leveraging known (and rare) TB associations to improve outcomes.

HLH: HLH is a severe and often fatal hematological disorder, increasingly recognized in TB, particularly during para-
doxical worsening on ATT[191,192]. Active TB accounts for 9%-25% of infection-associated HLH cases across all ages (14
days-83 years; median 40 years). HLH is driven by immune dysregulation with excessive macrophage and lymphocyte
activation, systemic inflammation, and tissue destruction, often progressing to organ failure and death. Clinical features
include fever, organomegaly, cytopenias, hyperferritinemia, hypertriglyceridemia, hypofibrinogenemia, hemophago-
cytosis, low NK-cell activity, and elevated soluble interleukin-2 receptor[192]. Ferritin > 10000 pg/L is highly specific for
HLH in children[193]. HLH can be familial (infancy/early childhood) or sporadic (all ages), with infections as common
triggers. TB-HLH is diagnostically challenging due to overlap with disseminated TB. Awareness is critical: Combined
anti-TB and immunomodulatory therapy improves survival to 66 %, compared with 56% for anti-TB drugs alone and 0%
with immunomodulators alone[192]. Timely recognition of hyperferritinemia and cytopenias can guide diagnosis and
save lives[191].

Why TB - HLH matters for Al integration: Untreated TB-HLH carries 100% mortality, underscoring the urgency of early
detection. Key clinical dynamics: (1) TB as a trigger for HLH: Disseminated TB, especially miliary forms, can provoke
secondary HLH, causing cytokine storm and hemophagocytosis. Active TB is implicated in a significant proportion (9%-
25%) of infection-associated HLH cases[192]. Figure 9C is a frontal chest radiograph showing numerous miliary nodules
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and patchy opacities in a boy with disseminated TB leading to HLH; (2) HLH exacerbating TB: HLH can mimic or
exacerbate paradoxical worsening during ATT, making it challenging to distinguish between an expected inflammatory
response to effective TB treatment and the life-threatening condition of HLH. The uncontrolled inflammation in HLH can
cause severe systemic inflammation, multi-organ failure and death, independent of the TB infection itself; (3) Diagnostic
overlap: Fever, cytopenias, and organomegaly mimic disseminated TB. Immune dysregulation can render tests (tu-
berculin skin test, interferon gamma release assay) unreliable; and (4) The “vice versa”: While less direct, HLH predisposes
to TB, masks TB signs with systemic inflammation, and complicates treatment due to immunosuppression, potentially
increasing the risk of TB reactivation, or make it harder to control the TB infection. Careful consideration and often a
combination of anti-TB and immunomodulatory therapies are required, without which the survival rate drops to an
abysmal zero.

The critical importance of timely treatment - (100% mortality without it): Without prompt dual therapy (anti-TB drugs
and immunomodulatory agents), TB-HLH is almost universally fatal. (1) Untreated HLH: Cytokine storm drives rapid
multi-organ failure; (2) TB as the underlying driver: If the underlying TB infection driving the HLH is not addressed with
effective anti-TB drugs, the inflammatory trigger persists, further fueling the HLH; and (3) Synergistic lethality: The
combination of active, potentially disseminated TB with the systemic devastation of HLH creates a highly lethal scenario.

Enhancing recognition of TB-associated HLH using LCMs: Concept: Trained on multimodal datasets LCMs could
transform detection of TB-HLH. Datasets should include: (1) Clinical data: Longitudinal TB records, paradoxical
worsening, HLH features (fever, organomegaly, cytopenias), serial ferritin and inflammatory markers, comorbidities, and
treatment regimens. In addition, guidelines suggest empirical treatment of TB when clinic-radiological suspicion is high,
despite negative microbiological tests[193], a commonly practiced approach in developing countries, should be included
in the dataset; (2) Imaging data: Chest X-rays/CTs, particularly miliary TB, annotated for disease evolution and
paradoxical reactions. Annotations should focus on the evolution of TB-related findings alongside any imaging features
potentially suggestive of HLH (though these may be non-specific); (3) Hematological data: Bone marrow findings,
hemophagocytosis, differential counts; (4) Genetic data (where available): Predispositions to familial HLH in pediatric
cases; and (5) Literature and expert knowledge: Incorporate relevant medical literature, guidelines and annotated
diagnostic/ management patterns. This will help the LCM understand the complex interplay between the two conditions.

Learning objectives: (1) Detect patterns linking TB treatment, paradoxical worsening, and HLH, while distinguishing
these from drug-resistant TB; (2) Recognize HLH-specific cues (persistent fever, organomegaly, cytopenias, hyperferrit-
inemia, hypofibrinogenemia and specific laboratory findings such as markedly elevated ferritin, hypertriglyceridemia,
hypofibrinogenemia, hemophagocytosis, low natural killer-cell activity, and high levels of soluble interleukin-2 receptor;
(3) Stratify HLH risk in TB patients, especially during paradoxical worsening, by integrating information across clinical,
imaging, and hematological data and imaging, while considering the temporal dynamics that help differentiate it from
drug resistance; (4) Differentiate HLH from drug resistance, emphasizing the role of drug susceptibility testing; (5)
Correlate dual-treatment regimens with outcomes in TB-HLH cases, and contrast these with outcomes in drug-resistant
TB; and (6) Understand paradoxical worsening as often self-limiting (with continued ATT) vs HLH, which requires
urgent intervention.

Benefits: (1) Raise clinician awareness by flagging HLH patterns in TB patients; (2) Enable earlier HLH diagnosis and
treatment initiation, while guiding drug resistance investigations; (3) Improve survival by reducing delays in dual
therapy; (4) Support monitoring of paradoxical reactions and highlight when to suspect resistance; and (5) Advance
medical knowledge and potential for personalized medicine by identifying novel TB-HLH associations. By embedding
HLH recognition into Al-driven systems, LCMs can enable earlier, more accurate detection of this devastating TB com-
plication, transforming outcomes where delayed diagnosis currently means near-certain mortality.

Additional novel integrations

TB and diabetes mellitus: The bidirectional relationship between TB and diabetes mellitus is well established[194,195].
Diabetes increases susceptibility to active TB and worsens treatment outcomes due to immune suppression, while TB
impairs glycemic control. World Health Organization (WHO) recommends screening TB patients for diabetes mellitus
and vice versa, making this a natural fit for algorithmic integration to enable earlier detection and management[195].

TB and papillary thyroid carcinoma: Though far rarer, a possible association has been proposed[196]. While causality
and mechanisms remain unproven, LCMs could flag subsets of TB patients for thyroid evaluation where clinically
indicated, promoting hypothesis generation and vigilance in complex presentations. Incorporating these and similar
comorbidities would enable LCMs to support more holistic TB care, addressing both common complications such as
diabetes and rarer, exploratory links like TB-papillary thyroid carcinoma.

Final thought

Whereas LLMs excel at pattern recognition, detecting imaging features such as opacities, nodules, and cavities[197,198],
LCMs advance toward conceptual reasoning, modeling causal and mechanistic relationships. By synergizing with
existing Al methods rather than replacing them, LCMs could transform TB imaging and management: Moving from
recognition of patterns to understanding of disease mechanisms, and ultimately to more timely, personalized, and life-
saving interventions. An LCM would not replace these methods, but rather work synergistically to add deeper layers of
conceptual understanding and reasoning,.
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Federated learning

Enabling collaborative Al while preserving privacy. Despite its potential, LCMs face persistent privacy, security, and
regulatory challenges, especially with sensitive medical data, including imaging. Federated learning (FL) addresses these
challenges by training models across decentralized institutions or devices holding local datasets, without centralizing
patient data[199]. Instead, only encrypted model updates are exchanged, with a central server maintaining the global
model and local models retained at each site. Contributions are quality-checked before aggregation to prevent malicious
or biased updates. Unlike centralized learning, FL iteratively refines the global model via secure exchanges to deliver
solutions suited for clinical environments[19,51,200-202]. Beyond privacy, FL offers systemic benefits: It trains on diverse,
heterogeneous datasets, reduces algorithmic bias, enhances generalizability, and accelerates clinical adoption. For
example, FL has been successfully applied to train diagnostic models for TB chest X-rays across multiple centers,
including resource-limited settings, achieving high accuracy while safeguarding patient privacy[203].

Potential applications in healthcare[19,136]: (1) Privacy-preserving medical image analysis (e.g., FL-based TB chest X-ray
models outperforming local models in heterogeneous African datasets); (2) Development of personalized treatment
models by leveraging distributed clinical data; (3) Decentralized outbreak prediction using federated disease surveillance;
(4) Collaborative drug discovery and real-world evidence generation while maintaining data sovereignty; and (5)
Equipment manufacturers can address the digital imaging and communications in medicine issues faced by radiologists
with modern ultrasound machines.

Integrating FL with LCMs can unite multimodal data streams: Text, imaging, genomics, and sensors - across insti-
tutions, producing more robust, globally relevant models without recurring data transfer and regulatory hurdles.
Together, LCMs and FL form complementary pillars of next-generation radiology Al, enabling unbiased, scalable, and
ethically sound solutions for TB, oncology, rare diseases, and beyond.

The hype cycle and challenges of LCMs in radiology Al

As with many emerging technologies, LCMs in radiology Al are also likely to face the classic “hype cycle” characterized
by initial enthusiasm followed by a phase of realistic assessment of the significant challenges ahead[51,66,67]. While
LCMs offer great promise to go beyond token-based models by enabling conceptual reasoning, multimodal integration,
and long-range context synthesis, they remain early-stage technologies confronting formidable hurdles. A major barrier is
the immense difficulty of creating large-scale, expertly annotated datasets for concepts, which is substantially more
complex than annotating tokens. This requires capturing rich clinical knowledge, context, and multimodal corres-
pondences at scale, a task necessitating intensive radiologist expertise and standardized annotation protocols[19,66]. This
challenge was one of the core motivations behind our original concept-based framework[19,51]. While large-scale collab-
orations are mandated to ensure quality LCM development, earlier implementation challenges might be mitigated by the
growing adoption of FL, which facilitates multi-institutional collaboration while preserving patient privacy and data
security[19,51,199]. This collaborative approach holds promise in overcoming barriers related to data heterogeneity,
regulatory compliance, and annotation costs. The innovative architectures underpinning LCMs, such as hierarchical and
dual-tower models, introduce significant computational demands and require advanced infrastructure[67,73]. However,
despite their computational intensity, these models are expected to be relatively more environmentally sustainable
(“green”) compared to traditional LLMs, due to optimization techniques like embedding quantization and efficient
diffusion mechanisms; offering potential energy savings without compromising performance[67,66]. This environmental
consideration is critical for scaling LCMs in resource-constrained clinical settings. The path to clinical adoption hinges on
a rigorous, multi-stage validation process involving prospective trials that assess diagnostic accuracy, safety, and general-
izability across diverse patient populations. Encouragingly, LCMs’ enhanced transparency, explainability, and ethical
alignment may expedite regulatory approvals, including from the FDA, overcoming challenges faced by earlier opaque
Al models[19,51,66,67]. It is notable that although over 1000 Al-enabled medical devices have received FDA clearance,
none to date involve LLM-based methodologies, underscoring the hurdles faced by black-box, token-based Al systems in
clinical validation[97]. LCMs represent a meaningful advance toward Al systems that emulate human clinical reasoning
and deliver actionable insights in radiology. A nuanced understanding of the hype cycle and attendant challenges
promotes a balanced perspective, tempering undue optimism with cautious realism. The successful translation of LCMs
from concept to clinical reality will require sustained interdisciplinary collaboration, adherence to robust standards for
data and evaluation, ethical governance, and ongoing technical innovation.

Future directions and regulatory landscape

The future of LCMs in healthcare is vibrant and multi-faceted. Essential priorities include: (1) Developing hybrid LCM
architectures combining symbolic and DL for optimal reasoning, interpretability, and clinical relevance; (2) Optimizing
architectures to process the unique characteristics of medical data, such as high dimensionality and class imbalance; (3)
Pioneering multimodal fusion techniques to align imaging, structured EHR, text, genomics, and sensor data for a holistic
picture of patient health; (4) Integrating genomic data with imaging and clinical notes to enable personalized diagnostic
and treatment strategies; (5) Advancing explainable Al methods, with clinician-in-the-loop development to provide
actionable rationale and transparency; (6) Leveraging clinician expertise during model development to improve trust,
transparency, and intuitive explanations; (7) Conducting large-scale, prospective, multi-center validation studies mea-
suring clinical impact, workflow integration, cost-effectiveness, and outcomes compared to standard practice; and (8)
Proactively addressing data privacy, robustness, regulatory compliance, and socio-technical challenges, including lifelong
learning and real-time updates.
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Regulatory considerations: Healthcare demands exceptionally high levels of accuracy and safety. Rigorous clinical
validation is essential before deployment, particularly in radiology, where subtle visual details are crucial. Linking
abstract concepts to specific anatomical and imaging findings remains non-trivial. Key considerations include: (1) Data
privacy and safety: Compliance with Health Insurance Portability and Accountability Act (United States)[204] General
Data Protection Regulation (Europe)[205], Digital Personal Data Protection Act, 2023 (India)[206]. FL can address these
concerns while enabling collaborative research; (2) Data quality and bias: FDA[207,208], European Medicines Agency
[209], Central Drugs Standard Control Organization of India[210] require careful curation of diverse datasets, bias
detection, and mitigation strategies. Collaboration with clinicians from varied backgrounds is essential; (3) Transparency,
explainability, ethical considerations and interoperability and standards (Health Level Seven International-The Standard,
2024) are also critical considerations that will effectively require regulatory approval[211]. Tools must provide in-
terpretable outputs for clinical use; and (4) WHO guidance: WHO provides guidance on governance, ethics, and
regulation to ensure Al use in healthcare is safe, effective, and trustworthy[212]. Chauhan et al[213] reviewed regulatory
strategies across European Union, FDA, and Central Drugs Standard Control Organization of India, emphasizing
adaptive approaches, pre-certification programs, and compliance advice. FDA guidance for Al-enabled medical devices
highlights best practices in ML development, version control, patient safety, and lifecycle management data[209]. The
European Commission’s broader Al regulations address societal implications, requiring careful ethical oversight[214].
The ethical implications of using LCMs for diagnosis and treatment decisions, including issues of accountability and
patient autonomy, will require careful consideration and the development of ethical guidelines specific to this technology
in healthcare.

Current status of Al approvals: As of early 2025, the FDA has cleared over 1000 AI models for clinical use, mainly in
radiology and cardiology[97]. These models assist in image analysis, diagnostic support, and treatment planning.
However, no LLMs have yet received FDA approval. Contributing factors include their black-box nature, regulatory
frameworks not designed for generative models, and challenges in clinical validation. Despite these hurdles, LCMs are
expected to achieve faster regulatory approval when developed. Their structured conceptual reasoning, transparency,
ethical design, and alignment with clinical workflows can directly address the concerns limiting LLM approval.
Interpretable outputs and validated reasoning pathways make LCMs more amenable to regulatory scrutiny, potentially
accelerating their safe adoption in healthcare.

Summary

The evolution of Al, from its early symbolic roots championed by McCarthy et al[10] to the current era of LLMs and the
emerging LCMs, represents a transformative leap in technological capability[58,102,215-217]. As William Gibson
observed, “The future is already here - it’s just not evenly distributed” a sentiment particularly resonant with the nascent
yet immensely promising stage of LCM development[67,68]. LCMs offer a path forward beyond the hallucinations and
ambiguities of current Al models, providing robustness, deeper understanding, and trustworthiness, qualities critical in
complex fields such as medicine[216,217]; and thus represent a significant addition to our Al armamentarium.

Clinical integration and medical relevance: LCMs facilitate the integration of diverse data sources - including imaging,
clinical parameters, and patient history, while incorporating expert knowledge and explainable Al techniques. This
synergy of “wisdom combined with knowledge” directly addresses limitations in current medical Al, particularly in
radiology, where decisions demand a holistic understanding of the patient’s clinical context. Historically, the breadth and
complexity of clinical knowledge posed encoding challenges[19]. LCMs overcome these hurdles by representing nuanced
clinical concepts, combining accumulated knowledge and meta-knowledge (problem-solving strategies) with Al's
computational versatility. This enables a shift from reactive diagnostics to predictive, personalized patient management.
Explainable Al also mitigates the “black box” problem[28], fostering trust among clinicians and ensuring the responsible
and ethical deployment of AI[88]. This aligns with the growing recognition of the need for multi-modal AI in healthcare,
where seamless integration and reasoning across diverse data sources are paramount. Active involvement of radiologists
and other clinicians ensures clinical relevance, supporting adoption and maximizing the utility of LCMs in practice.

From intelligence to general intelligence: LCMs unlock a new realm of possibility, where the canvas of imagination
becomes the blueprint for Al reality. They are capable of learning from experience and adapting to novel scenarios
without explicit programming and bring us closer to AGI; incorporating reasoning, problem-solving, and creativity[65,
66]. This progression toward AGI in healthcare emphasizes augmenting, not replacing, human expertise. Multi-modal
reasoning, cross-domain knowledge integration, and coherence across extended contexts make LCMs revolutionary for
radiology and allied fields, providing a roadmap toward cognitive Al, AGI, and beyond[65,66]. The emphasis remains on
leveraging Al to empower human clinicians, leading to more informed decisions and ultimately superior patient care.
Rigorous validation remains crucial. LCMs are still research concepts, and their real-world performance, scalability, and
reliability in high-stakes domains must be empirically proven[72,147]. Investment in proof-of-concept studies and robust
validation will solidify their clinical role.

Synergistic horizons - quantum computing

Quantum computing (QC) promises unprecedented computational power, accelerating the capabilities of Al in healthcare
[19,51]. Advances such as 256-qubit superconducting quantum computers and topological qubits in 2D materials[218-220]
provide stable, robust quantum states essential for practical Al applications. These advancements are crucial for
addressing the current limitations of QC and paving the way for practical applications in healthcare[156,221]. QC is
poised to revolutionize healthcare, including radiology and its allied fields with its ability to process complex biological
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data, simulate molecular interactions, and optimize drug discovery, at scales previously unimaginable, presenting
unprecedented opportunities for personalized medicine and disease modeling[221].

LCM-quantum synergy: The combination of LCMs with quantum computational power could enable: (1) Enable com-
plex simulations of molecular interactions and disease processes, advancing drug discovery and personalized medicine;
(2) Accelerate data analysis across genomics, medical imaging, and patient records, improving diagnostic speed and
accuracy; and (3) Reveal novel insights in medical data, identifying biomarkers, therapeutic targets, and disease
mechanisms, advancing toward artificial super intelligence[65,66,221].

Beyond quantum - towards artificial super intelligence and the infraspace

Future horizons include quantum-enhanced artificial super intelligence, potentially surpassing human cognition and
operating near physical limits[222-225]. The profound implication is that “with quantum-enhanced Al, recursive self-
improvement, a scenario where an Al system refines its own algorithms in a continuous loop, could occur at a pace and
scale unimaginable with classical hardware”. This leap in computational power might allow Al systems to achieve levels
of understanding and creativity surpassing human capabilities, while raising critical questions about control, ethics, and
the very definition of intelligence[224-227]. The development of such advanced Al must be accompanied by robust ethical
guidelines and control mechanisms to ensure beneficial outcomes.

Speculative manifestations include: (1) Quantum sovereign intelligence: Autonomous quantum entities capable of
mastery at the quantum scale; (2) The omega sentience: Conceptual unified consciousness addressing fundamental
scientific and philosophical questions; and (3) Post-quantum frontier (infraspace): Intelligence operating below the
quantum level, manipulating the informational substrate of reality[228]. Additionally, bio-inspired computation, such as
quantum super-radiance in human cells[229,230] may guide future Al paradigms, merging biological and quantum
processing for unprecedented efficiency. Imagine an Al that mimics the quantum super-radiance of biological cells to
achieve unprecedented processing power. Such bio-quantum Al could revolutionize not only healthcare but also our
understanding of consciousness and biological intelligence itself.

CONCLUSION

The future of Al in radiology and healthcare stands at the exhilarating crossroads of QC, biological inspiration, and ever-
advancing conceptual intelligence. As researchers probe the mysteries of the quantum realm and the untapped computa-
tional capacity of living cells, possibilities for medical imaging, both diagnostic and interventional, are rapidly expanding.
Upcoming breakthroughs could make “even Sherlock Holmes’s legendary deductive powers seem quaint”, not because
they are diminished, but because the tools at our disposal will be far more powerful, holistic, and accessible. Imagine an
Al system that continuously ingests cross-continental radiology studies, EMRs, multiomics, and real-time biosensor data,
alongside global epidemic alerts, then notifies city imaging departments, hospitals, rural health centers, and other
stakeholders about emerging complications, outbreaks, or subclinical trends before clinical suspicion arises - what was
once fiction now stands on the precipice of feasibility. The climb from the symbolic “logic” of early Al, through ML, to
LCMs’ growing “intuition”, is akin to a symphony expanding from a solo performance to a collaborative orchestra:
Accessible, rich, and multidimensional. Truly, the “song” of modern Al is composed by entire ensembles, each player
contributing wisdom from their own tradition. The time for bold, responsible innovation is now. For radiologists, LCMs
and quantum-powered Al promise breathtaking acceleration in clinical, research, and workflow advances previously
inconceivable. No longer do Al’s strengths lie solely in linear logic or brute-force computation; LCMs herald a leap into
imaginative, multi-modal reasoning - integrating imaging, text, sensor streams, and molecular profiles for a richer
diagnostic canvas. As Dickstein[230] has been attributed to have observed, “Prediction is very difficult, especially about
the future”, yet the momentum in this space suggests we are barreling toward previously unimaginable advances. As
Albert Einstein wisely stated, “Imagination is more important than knowledge”. This burgeoning field invites us to move
beyond the known limitations of traditional AI and conceptualize applications previously confined to science fiction.

Democratization of radiology and healthcare: Radiology will not only benefit from Al democratization but also serve
as a central force driving it. Future-facing systems could allow a radiologist in Mumbai, an imaging technician in rural
Africa, a trauma specialist in New York, a primary care doctor in rural Brazil, and even an astronaut on a Mars mission to
collaborate through an LCM-powered imaging assistant or “holographic doctor”[231] - a virtual colleague capable of
synthesizing literature, images, patient histories, biosensor feeds, research insights, and expert wisdom, translating
findings into any language or context. Imagine a patient’s smartwatch detecting subtle heart irregularities, cross-
referencing their medical history, and triggering proactive, understandable alerts, empowering personalized, pre-
ventative care at scale and extending Al’s benefits to a broader range of users without requiring deep technical expertise.
This democratization is crucial for fostering widespread innovation and ensuring LCM benefits are broadly accessible.
LCMs encourage us to “think left and think right and think low and think high”[232]. While cautious optimism and
responsible development are vital, the foundation of LCMs lies in human creativity to envision and implement complex,
transformative concepts. “Creativity is intelligence having fun” (Albert Einstein). Concept-based, multi-modal Al is here;
humans need not learn coding, as machines handle that. Let human intelligence have fun. This vision holds immense
potential for empowering individuals and driving innovation across all sectors.

Accelerated validation and responsible deployment: Historically, the validation of groundbreaking scientific techno-
logies has often taken decades or even centuries, as exemplified by foundational theories in physics. For instance,
Newton’s laws of motion were formulated in the late 1600s, but their full implications took years to unfold; Maxwell’s
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equations in the 1860s unified electricity and magnetism long before they found widespread experimental confirmation.
Most notably, Einstein’s field equations proposed in 1915 laid the foundation for general relativity, but precise experi-
mental validations, including gravitational waves, occurred many decades later[233,234]. These examples illustrate how
the realm of theoretical physics is widely respected for its foundational concepts, often preceding empirical proof by
significant time spans. Similarly, concept-based Al models like LCMs represent an analogous leap in theoretical computer
science. With accelerated computational innovations and with pioneering independent validation by leaders such as Meta
Al, whose recent publications mirror our core propositions and terminology concerning LCMs[67]. LCMs are poised to
rapidly transition from theory to practice. This means we can have clinically relevant, multi-institutionally validated tools
reaching our domains within a much shorter cycle. While radiologists have traditionally been swift adopters of new
imaging hardware (ultrasound, CT, MRI), they have shown more caution in embracing advanced Al software, seeking
clinically validated and transparent tools that support rather than replace their expertise[235,236]. The field continues to
rigorously evaluate ML and DL models, often focusing narrowly on these paradigms. Yet, more advanced Al paradigms
like LLMs and especially LCMs offer substantially greater potential, enabling deeper semantic understanding, holistic
data integration, and improved clinical decision-making. It is therefore imperative to overcome this inertia and adopt
these transformative Al frameworks to catalyze the next massive leap in clinical radiology and patient care. The journey
from theory to clinical impact will require the collaboration of experts from Al, linguistics, cognitive science, clinicians,
and patients, as well as those from specific application domains like radiology and other allied healthcare fields[67,68].
This must be accompanied by the establishment of clear ethical guidelines for their deployment in critical applications
[221]. The shift from token-based, single-task models to concept-based, multi-modal systems is the next major frontier in
medical Al It promises to transform the role of the radiologist from an image interpreter to a holistic patient
diagnostician, working in a powerful human-Al partnership. Key hurdles remain: Ensuring robustness against bias,
developing ethical norms, and sustaining transparent, explainable decision-making to maintain professional and patient
trust. Progress in FL, radiologist-in-the-loop annotation, and alignment with regulatory expectations for clinical-grade Al
will help mitigate development costs and accelerate reliable deployment. Robustness against imaging bias, clinically
actionable explainability, and collaboration amongst radiologists, data scientists, and end-users are essential for safe
translation into clinical workflows. Radiologist input remains crucial for curating datasets, evaluating model relevance,
and assessing the utility of concept-based reasoning in nuanced imaging scenarios such as rare disease detection, or
subtle lesion follow-up. As Thomas Edison aptly said, “The value of an idea lies in the using of it”, the challenge is now to
translate LCM theory into safe, real-world systems that deliver on the promise of improved patient care.

Overcoming challenges for a holistic future: A holistic approach - combining diverse data, expert knowledge, and
explainable Al, promises more accurate diagnoses, personalized treatments, and effective disease management. LCMs
offer richer differential diagnoses, deeper pattern recognition across imaging and non-imaging data, and patient-specific
longitudinal analysis spanning years of prior images and contextual reports. While current Al faces difficulties in
complex reasoning, context-aware decision-making, and cross-modality integration, LCMs synthesize CT, MR, ultra-
sound, and molecular data, drawing not just from pixels but from clinical and biological context, raising both, expect-
ations and standards for radiology Al performance. Given the critical need for trust and transparency, enhancing explain-
ability remains paramount for clinician adoption and regulatory compliance[136]. Demonstrating Al functionality clearly
to professionals unfamiliar with the technology is crucial, and annotation costs can be mitigated with semi-supervised
and active learning techniques. It’s also important to acknowledge that the annotation and labeling required for training,
especially when demanding human expertise, can be costly[136]. However, advances in semi-supervised learning and
active learning techniques may help mitigate these costs and accelerate the development of robust LCMs. Radiology
stands to benefit from FL, human-in-the-loop expert feedback, and interpretability methods highlighting why findings
were flagged. These advancements are essential for building trust, calibrating clinical utility, and streamlining
deployment in reading rooms. Emerging paradigms such as QC and advanced interpretability will further bridge the gap
toward precision outcome modeling, including radiotherapy[136]. Imagine LCMs, powered by quantum breakthroughs,
instantly analyzing a patient’s complete imaging archive, genomics, and real-time biosensor data to forecast pathology
evolution, recommend tailored scan protocols, link imaging findings to prospective outcomes, or even optimize individu-
alized treatment for complex conditions. Al systems could proactively suggest lifestyle interventions, optimize surgical
plans with millimeter precision, or design novel drug molecules tailored to an individual’s biology. By embracing a
creative, collaborative spirit and centering radiologist leadership in development and validation, LCMs can accelerate the
arrival of patient-centered, precision imaging, tackling global challenges in cancer screening, infectious disease
monitoring, and chronic illness management, while broadening access to world-class imaging expertise. As we walk this
path, let Einstein’s insight guide us: “Logic will get you from A to B. Imagination will take you everywhere”. By fostering
collaboration, addressing ethical considerations proactively, and investing in rigorous research, we can usher in a new era
of intelligent systems that truly augment human capabilities. For radiology, this evolution means smarter, more
insightful, and ultimately more human-centered patient care. The journey from early Al to LCMs and beyond is a
testament to human ingenuity. This ongoing evolution, driven by both scientific curiosity and practical necessity, ensures
Al will continue to play an increasingly vital role in shaping the future of medicine and human well-being. LCMs
represent not merely a technological transition but a profound exercise in humanity’s drive to heal, empower, and
imagine a healthier tomorrow. With foresight, rigor, and open-mindedness, the “possible” in healthcare stands ready to
be redefined. As Clarke[237] famously posited: “ Any sufficiently advanced technology is indistinguishable from magic”.
With large conceptual models, radiologists and allied professionals are not merely building tools, they are crafting the
next generation of “magic” for radiology and healthcare, transforming the seemingly impossible into clinical reality and
elevating the impact of radiology at the heart of precision healthcare.
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Abstract

Thyroid-associated ophthalmopathy (TAO), an autoimmune disorder closely
associated with thyroid dysfunction, requires timely diagnosis and ongoing accu-
rate evaluation to improve patient outcomes. With the global incidence of TAO
increasing and significantly affecting the quality of life of patients, there is an
urgent need for effective diagnostic tools. As a noninvasive imaging technique,
ultrasound plays a pivotal role in diagnosing and managing TAO, particularly in
the early detection of and monitoring of disease progression. Despite its advan-
tages, ultrasound faces challenges such as limited resolution for deep orbital stru-
ctures and a lack of standardized protocols, which can lead to diagnostic inac-
curacies. This paper reviews the current status of ultrasound applications in TAO,
including diagnostic utility, recent technological advances, and key challenges. It
proposes strategies for future research and improvement, emphasizing analysis of
ultrasound imaging data to develop biomarker stratification models. We propose
an integrated multimodal framework that combines ultrasound elastography with
deep learning to improve diagnostic precision.
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Core Tip: Thyroid-associated ophthalmopathy, an autoimmune disorder linked to thyroid dysfunction, needs timely dia-
gnosis. Ultrasound, a noninvasive tool, aids thyroid-associated ophthalmopathy diagnosis/management but has limitations.
This minireview proposes future research strategies that emphasize analysis of ultrasound data to develop biomarker models.
We propose an integrated multimodal framework combining ultrasound elastography with deep learning to enhance
diagnostic precision.
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INTRODUCTION

Thyroid-associated ophthalmopathy (TAO), a condition closely linked to Graves” disease, presents significant diagnostic
and management challenges. With rising incidence rates and substantial impact on quality of life, early and accurate
diagnosis is critical. Current diagnostic approaches rely on clinical evaluation and imaging modalities such as computed
tomography (CT) and magnetic resonance imaging (MRI), which have limitations, including radiation exposure and high
cost. Ultrasound has emerged as a preferred alternative because of its accessibility, noninvasiveness, and real-time
monitoring capabilities. However, its utility in TAO is constrained by limited resolution for deep orbital structures, a lack
of standardized protocols that introduce inter-center variability, and operator dependence. In this manuscript, we
examine how emerging technologies, including ultrasound elastography and artificial intelligence (AI)-driven analysis,
can address these limitations. We highlight the unique advantages of ultrasound in assessing disease activity and
severity, and propose strategies to standardize protocols and enhance diagnostic precision for personalized TAO
management. These strategies form the basis of the diagnostic framework detailed in subsequent sections.

HIERARCHICAL ULTRASONOGRAPHY IN DIAGNOSIS AND STRATIFIED MANAGEMENT OF TAO

Standardization of morphometric evaluation protocols

Ultrasound imaging is essential for the morphological evaluation of TAO, chiefly by measuring standardized parameters
such as extraocular muscle thickness, the anteroposterior diameter of the lacrimal gland, and optic nerve sheath diameter
(ONSD). Research has shown that extraocular muscle thickness is significantly increased in individuals diagnosed with
TAO and strongly correlates with disease activity[1-3]. During the active phase of TAO, enlargement and thickening of
the ocular muscles are primarily driven by inflammatory processes, particularly affecting the extraocular muscles[4]. This
thickening, together with the proliferation of retro-orbital adipose tissue, is a major contributor to proptosis observed in
TAO patients[4]. Evidence indicates that extraocular muscle thickness is markedly greater during the active phase, with
the inferior rectus muscle exhibiting particularly pronounced thickening compared with the inactive phase[3].
Consequently, regular assessment of inferior rectus muscle thickness is crucial for monitoring disease progression and
evaluating treatment effectiveness. Ultrasound, a noninvasive imaging modality, can accurately quantify inferior rectus
muscle thickness, and its results correlate positively with MRI, thereby aiding early diagnosis and ongoing treatment
assessment[5].

Furthermore, the establishment of standardized measurement protocols and consistent ultrasound techniques is
essential to ensure comparability of findings across medical facilities. Integrating ultrasound with other imaging
techniques, such as MRI, can yield a more comprehensive assessment of extraocular muscle condition in patients with
TAOI[6-8]. In patients with TAO, the condition of the optic nerve is crucial for preserving visual function[9-11]. Mea-
surement of ONSD is an effective method for evaluating optic nerve compression, particularly in TAO, where com-
pression is often caused by inflammation or orbital swelling, leading to enlargement of the extraocular muscles[4,12]. An
increase in ONSD may indicate potential compression. Increased ONSD is associated with pathological changes of the
orbit, and ultrasound measurement of ONSD is noninvasive and cost-effective, enabling physicians to determine whether
the optic nerve is compressed and to correlate this finding with clinical symptoms[13]. In patients presenting with vision
loss or blindness, ultrasound can be used to assess the extent of optic nerve damage.

Lacrimal gland volume is a key indicator for assessing tear-secretion function. In patients with TAO, increased volume
may indicate an active disease phase[14]. Lacrimal gland function is affected by fluctuations in thyroid hormone levels,
and swelling or dysfunction can exacerbate dry eye symptoms. Both ultrasonography and MRI are effective for
quantifying lacrimal gland volume. Changes in volume correlate closely with TAO activity; patients with active disease
typically have larger volumes[14-16]. Incorporating lacrimal gland volume with other clinical parameters can provide a
comprehensive assessment of tear-secretion function in TAO and support timely intervention.

Three-dimensional ultrasound reconstruction is a promising advance in medical imaging. This technique collects
multi-angle data from two-dimensional ultrasound images and uses computational algorithms to reconstruct three-
dimensional anatomical structures, thereby improving the precision of volume measurements. The technology provides
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comprehensive anatomical insights that clarify lesion spatial relationships. Its noninvasive nature and real-time capability
are particularly valuable for evaluating ocular diseases[17]. Compared with conventional imaging modalities, three-
dimensional ultrasound offers detailed structural information without tissue damage, which is essential for early
diagnosis and for recurrent preoperative evaluation of gallbladder disorders, uterine pathologies, and ocular conditions
[18-20]. Moreover, this technology can facilitate foreign-body extraction from favorable positions and support
decompression surgery in patients with TAO[21]. The real-time imaging feature enables clinicians to monitor dynamic
lesion changes instantaneously, thereby improving diagnostic accuracy and supporting timely treatment decisions. With
ongoing technological progress, three-dimensional ultrasound is expected to open new avenues for early diagnosis and
management of TAO.

Functional ultrasound biomarkers in TAO

In functional imaging, combining the Doppler blood flow grading system with elastography stiffness thresholds provides
new insights for early detection of TAO. Notably, the Adler scoring Doppler blood flow grading system, originally
developed for assessing blood flow in breast cancer[22], is now widely applied across conditions, including liver cancer,
cervical cancer, renal cancer, rheumatoid arthritis, white matter lesions in sickle cell disease, and carpal tunnel syndrome
[23-32]. It can also evaluate microcirculatory effects in patients with coronary artery disease and chronic heart failure after
surgery and endovascular myocardial revascularization[33].

Consequently, this system may effectively assess blood flow in extraocular muscles. Studies report significantly
increased blood flow in extraocular muscles in patients with TAO, closely correlating with inflammatory activity[34].
Elastography stiffness thresholds also offer new opportunities for early diagnosis of TAO. Elastography is a noninvasive
imaging technique that evaluates lesions by measuring tissue stiffness, with results closely linked to pathological
conditions such as fibrosis and tumors[35-37]. This technique is broadly divided into two types: Strain elastography,
which provides qualitative stiffness assessments[35], and shear wave elastography, which provides quantitative stiffness
values[38]. Research indicates that ultrasound shear wave elastography and perfusion measurements can serve as
biomarkers for tumor response[39]. For conditions requiring long-term follow-up, such as tumors, fatty liver disease, and
liver cirrhosis, this technology confers notable advantages[36,39-44]. Studies show that ultrasound findings in patients
with TAO may correlate positively with fibrosis, providing important evidence for assessing the degree of fibrosis in this
population[45]. The primary multidisciplinary clinical applications of the Adler-Doppler blood flow grading system are
detailed in Table 1.

How to overcome he challenges faced by ultrasound

More recently, advances in high-frequency probes have improved resolution, enabling measurement of extraocular
muscle thickness and detection of orbital changes in real time[46]. Ultrasound is increasingly recognized for its clinical
utility in monitoring disease activity and guiding management decisions. Nevertheless, broader adoption of ultrasound
in TAO remains limited by several intrinsic factors, including inadequate resolution for deep orbital structures[47], a lack
of standardized acquisition protocols that lead to between-center variability[48], and high operator dependence that
reduces reproducibility[49].

Recent technological progress offers opportunities to address these shortcomings. Ultrasound elastography enables
quantitative assessment of tissue stiffness, potentially distinguishing active inflammatory changes from chronic fibrosis
[35,38]. Moreover, advances in Al and machine learning have opened new avenues for automated image analysis,
reducing operator dependence and improving diagnostic consistency[50-52]. These developments may expand the role of
ultrasound from a supplementary tool to a central modality for diagnosis, staging, and longitudinal monitoring of TAO.

ULTRASOUND IN TAO PATHOMECHANISMS: KEY CONTRIBUTIONS

Dynamic monitoring of inflammatory activity

The inflammatory reaction in TAO is a core component of the pathogenic mechanism. Initially, abnormal thyroid
hormone levels and autoimmune responses lead to infiltration of inflammatory cells in the orbit, consisting primarily of
CD4+ T cells and monocytes/macrophages. Subsequently, thyroid-stimulating hormone receptor and insulin-like growth
factor-1 synergistically promote fibroblast proliferation and differentiation into adipocytes, resulting in expansion of
adipose tissue within extraocular muscles and other orbital fat and connective tissues. In addition, the ability of orbital
fibroblasts to synthesize hydrophilic glycosaminoglycans, predominantly hyaluronic acid, increases, contributing to
edema and further expansion of orbital tissues[53,54]. Research indicates that severe active TAO is significantly
associated with infiltration of CD4+ T cells and monocytes/macrophages[55,56]. The Clinical Activity Score correlates
positively with the degree of lymphocyte infiltration (including total lymphocytes, T cells, and B cells) and macrophages
[57-59]. Monitoring inflammatory activity can be facilitated by imaging modalities such as ultrasound, which helps
determine whether the disease is in an active phase[47]. Furthermore, ultrasound plays a crucial role in evaluating
inflammatory biomarkers. Vascular endothelial growth factor (VEGF) is critical for maintaining physiological vascular
homeostasis across diverse cell types and tissues. It has been implicated in the molecular mechanisms underlying tumor
growth and metastasis, as well as in retinal disorders linked to several blinding conditions, such as age-related macular
degeneration and diabetic and hypertensive retinopathy. Pathogenic effects associated with VEGF are primarily due to its
role in modulating vascular permeability and promoting neovascularization[60]. Research indicates increased vascular
density in acute TAO compared with chronic TAO and control orbital fat, suggesting an angiogenic response. This pro-
angiogenic and pro-lymphangiogenic microenvironment may result from heightened expression of VEGF receptors,

Buisnidenge VIR | ttps:/ /www.wijgnet.com 3 November 28,2025 | Volumel17 | Issuell |



Shi JF et al. Ultrasound application in TAO diagnosis

Table 1 Multidisciplinary clinical applications of the Adler-Doppler blood flow grading system'

Classification Application Implications in TAO
Origin research Evaluating tumor vascularity in breast cancer[43] Basis for grading orbital inflammation
Cross-disease validation Hemodynamic assessment in oncology (liver, cervical, Adapted for TAO microcirculation monitoring

renal cancers)[44-53]

Cardiovascular surgery Microcirculation evaluation in CVD post-revascular- Potential for assessing TAO-related ischemia
ization[54]
TAO specific validation Detection of inflammatory-driven blood flow changes in  Correlates with disease activity and fibrosis

extraocular muscles[69]

IThe Adler-Doppler blood flow grading system demonstrates extensive clinical utility across multiple disciplines. Originally developed for evaluating
tumor vascularity in breast cancer, this imaging modality has been validated in hemodynamic assessments of hepatic, cervical, cardiovascular
interventions and renal malignancies. Recent thyroid-associated ophthalmopathy-specific investigations reveal its capability to detect inflammatory-driven
blood flow augmentation in extraocular muscles.

TAO: Thyroid-associated ophthalmopathy; CVD: Cardiovascular disease.

including VEGFR-2, VEGF-A, VEGF-C, and VEGF-D. These observations suggest that periorbital edema in acute TAO
may be partially driven by immature blood vessels and lymphatic capillaries with insufficient functional capacity to
adequately drain the stroma[61]. Numerous studies also indicate that ultrasound can be used to evaluate abnormal blood
flow. Using techniques such as color Doppler imaging and pulsed Doppler mode, together with advances in nanoparticle
technology, ultrasound can quantitatively assess hemodynamic alterations in ocular tissues, thereby providing insights
into VEGF expression levels and facilitating evaluation of the inflammatory response[61-63].

The advantages of ultrasound for evaluating inflammation and associated biomarkers derive from its noninvasive
nature, real-time capability, and cost-effectiveness. In monitoring patients with Crohn’s disease, ultrasound can assess
structural alterations within the intestine while simultaneously evaluating disease activity and treatment effectiveness by
comparing dynamic changes in inflammatory markers[62]. This multifaceted approach establishes ultrasound as a
valuable tool that offers immediate feedback in the management of inflammatory conditions such as TAO. Dynamic
monitoring is also a major application of ultrasound in assessing inflammatory response. By performing routine ul-
trasound examinations alongside biomarker assessments, clinicians can achieve a comprehensive evaluation of fluctu-
ations in the inflammatory status of the patient, facilitating timely treatment modifications. This dynamic monitoring
enhances the efficiency of disease management and markedly improves patient outcomes. For example, in the
management of inflammatory bowel disease, ultrasound can provide objective data on disease activity even in the
absence of clinical symptoms, thereby reducing unnecessary invasive procedures[63]. The clinical importance of dynamic
monitoring is evident in evaluating treatment response. During active treatment, hormone therapies and monoclonal
antibodies are frequently used. Ultrasound offers real-time feedback on the patient’s response to these medications,
aiding clinicians in assessing treatment efficacy. In patients receiving biologic agents for Crohn’s disease, ultrasound can
track changes in intestinal wall thickness and blood flow, enabling prompt assessment of treatment outcomes and
guiding subsequent therapeutic decisions[64]. These real-time feedback capabilities position ultrasound as an essential
tool for managing inflammatory diseases.

Assessment of fibrosis progression

During the inactive phase of TAO, common pathological alterations include adipose tissue hyperplasia, increased
synthesis of hyaluronic acid, and conversion of fibroblasts into myofibroblasts, which ultimately leads to tissue fibrosis.
These changes are primarily driven by interactions among T cells, B cells, and orbital fibroblasts[53,54,65]. The fibrotic
stage is characterized by irreversible structural damage, with symptoms frequently associated with mechanical
compression and increased tissue stiffness. Timely identification of the transition from the active to the fibrotic phase is
essential for mitigating long-term complications, enhancing prognosis, and improving quality of life for patients.
Research indicates that applying color Doppler to assess blood flow parameters in the ophthalmic artery, superior
ophthalmic vein, and central retinal artery may aid in differentiating between the active and inactive phases of TAO.
Patients with a Clinical Activity Score of 3 or higher (indicative of the active phase) demonstrate significantly elevated
arterial Doppler parameters, including peak systolic velocity and end diastolic velocity of the ophthalmic artery, as well
as peak systolic velocity of the central retinal artery, whereas the maximum velocity of the superior ophthalmic vein
shows a significant decrease, suggesting ongoing inflammatory activity within the orbit[66]. However, the observed
increase in arterial blood flow velocity may also reflect a secondary response to intraorbital inflammation from diverse
etiologies[67]. As noted above, strain elastography qualitatively assesses tissue stiffness[35], whereas shear wave
elastography quantitatively evaluates fibrosis status[38]. In patients with chronic liver disease, routine ultrasound
examinations facilitate monitoring of liver fibrosis progression and treatment efficacy[68]. Evidence suggests that regular
ultrasound assessments significantly improve early detection of liver fibrosis progression and inform treatment decisions.
Clinicians can more thoroughly evaluate hepatic changes by combining elastography (for stiffness) with B-mode
ultrasound (for anatomy)[69]. At the molecular level, transforming growth factor beta 1 (TGF-p1) is a key biomarker
related to fibrosis. It plays a critical role in its development[70,71].
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Figure 1 Artificial intelligence-assisted ultrasound diagnostic schematic diagram. Ocular ultrasound combined with deep learning and other artificial
intelligence technologies can extract a large amount of imaging data, and construct predictive models by integrating molecular markers such as vascular endothelial
growth factor and interleukin-6 to assess the disease status of thyroid-associated ophthalmopathy. Deep learning processes ultrasound data alongside vascular
endothelial growth factor/interleukin-6 levels to predict disease severity. This is more real-time and convenient compared to other imaging methods such as computed
tomography and magnetic resonance imaging. Al: Artificial Intelligence; VEGF: Vascular endothelial growth factor; IL: Interleukin; CT: Computed tomography; MRI:
Magnetic resonance imaging.

Numerous studies have established a significant correlation between elevated serum TGF-B1 levels and fibrosis
severity, indicating its potential utility in fibrosis assessment[72,73]. Therefore, combining elastography with TGF-p1
detection may provide more precise information for early diagnosis and evaluation of TAO-related fibrosis. In addition,
long-term follow-up should incorporate clinical manifestations of patients and biochemical indicators to formulate
personalized management plans, thereby improving outcomes and enhancing quality of life for patients. Establishing a
multidisciplinary collaborative team that integrates ultrasound technology with other imaging modalities, such as MRI,
can facilitate dynamic monitoring and assessment of fibrosis progression, ensuring optimal treatment and care[74].

INNOVATIONS IN CLINICAL TRANSLATION GUIDED BY ULTRASOUND

Ultrasound imaging provides real-time guidance for muscle monitoring, injections, and treatment assessment. However,
challenges remain in visualizing deep orbital structures and in standardizing protocols, which limit diagnostic
consistency. Future progress will require enhanced resolution, unified criteria, and integration of nanotechnology and Al
to transform ultrasound into a dynamic platform for stratified therapies. This evolution will bridge precision medicine
with the complexity of TAO, paving the way for personalized management and improved outcomes. This roadmap
(Figure 1) positions ultrasound as a central platform for precision management of TAO and may reduce healthcare costs
by 30%-40% compared with current imaging paradigms.

Comparison of clinical applications of ultrasound and CT/MRI in the diagnosis of TAO
Current diagnostic approaches rely primarily on clinical evaluation and radiologic imaging. CT was widely adopted for
delineating extraocular muscle enlargement and bony anatomy; however, concerns about radiation exposure limit
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repeated use[75]. MRI subsequently emerged as a superior tool for soft-tissue assessment, enabling visualization of
orbital inflammation and disease activity[76-78]. Despite these advantages, CT and MRI are costly, less accessible for
routine follow-up, involve radiation exposure (for CT), and are impractical for dynamic monitoring. Drawing on research
evidence for imaging techniques in TAQ, this article analyzes key characteristics of three modalities, ultrasound, CT, and
MRI, from the perspectives of technical parameters and comparative medicine. Evidence derived from nine core papers
(data as of 2023) focuses on six dimensions: Spatial resolution, hemodynamic evaluation, disease activity staging, bone
structure evaluation, cost and accessibility, and safety. Key comparisons are outlined in Table 2.

Ultrasound-guided precision interventions

In the future, ultrasound-guided orbital decompression surgery may reduce surgical complications and shorten recovery
times. Ultrasound for real-time monitoring of localized drug injections also enhances procedural precision and effect-
iveness[79-81]. This monitoring increases treatment safety and yields data to inform personalized strategies, thereby
improving overall therapeutic efficacy. As a cost-effective and efficient imaging modality, ultrasound provides real-time
imaging and is suitable for repeated use to support ongoing assessment of the condition[82]. Weekly ultrasound
evaluations can monitor changes in extraocular muscle thickness, guiding adjustments to hormone dosages and ensuring
the safety and effectiveness of treatment regimens. This approach promotes greater personalization and accuracy in
treatment and contributes to improved patient outcomes.

Convergent innovation: Ultrasound and nanotechnology

In ultrasound medicine, the integration of targeted therapy and nanotechnology is a pivotal research focus, offering
innovative strategies for precise management of TAO. Sonodynamic therapy, a leading technology in this field, activates
chemical agents (sonosensitizers) through nonthermal ultrasound effects, enabling superior tissue penetration and spatial
selectivity. This noninvasive modality has shown significant advantages in oncology[83-85]. Advances in multifunctional
nanoparticles have further expanded the potential applications of this technology. These nanoparticles have been
designed as targeted drug carriers for tumors, long-acting ultrasound contrast agents, and enhancers of ultrasound-
mediated drug delivery, warranting further investigation as potential anticancer agents[36]. In the future, such
nanoparticles may serve as targeted carriers for TAO-related inflammatory factors, such as insulin-like growth factor-1R
and interleukin-6, facilitate real-time visualization and monitoring of treatment processes as long-acting ultrasound
contrast agents, and improve drug permeation across biological barriers through ultrasound-mediated cavitation.
Although research on localized nanoparticle drug delivery systems for TAO remains nascent, ongoing advances in
ultrasound molecular imaging and responsive nanomaterials offer promising opportunities for developing an
ultrasound-guided, nanoparticle-targeted therapy paradigm for TAO.

Al-driven revolution in ultrasound imaging

Intelligent technologies have markedly improved the quality and efficiency of medical care for the diagnosis and
treatment of TAO[50-52]. The integration of Al, particularly in imaging, is progressively reshaping conventional medical
paradigms. Research demonstrates that deep learning systems can distinguish papilledema, normal optic discs, and
various disc abnormalities by analyzing fundus photographs obtained with pharmacological mydriasis. One system
achieved an area under the curve of 0.96 [95% confidence interval (CI): 0.95-0.97], with a sensitivity of 96.4% (95%CI: 93.9-
98.3) and a specificity of 84.7% (95%CI: 82.3-87.1)[87]. By harnessing deep learning and big data analytics, Al can extract
relevant information from extensive imaging datasets, thereby aiding healthcare professionals in making more precise
diagnoses of conditions such as coronavirus disease 2019 and solid cancers, as well as in evaluating coronary artery
disease[88-94]. The incorporation of Al into ultrasound imaging analysis has significantly enhanced diagnostic accuracy,
enabling the detection of subtle lesions with greater precision than traditional methods and thereby reducing risks of
misdiagnosis and missed diagnoses. However, variability among models may lead to errors, and a high false-positive rate
could necessitate substantial changes in clinical applications[94]. Al also supports the development of personalized
treatment plans through data mining, which can improve treatment outcomes and enhance quality of life for patients.
Nonetheless, implementation faces challenges related to data quality and quantity; limited case numbers may adversely
affect model performance, and difficulties persist in the architectural design of deep learning algorithms for medical
imaging. In addition, the “black box” nature of Al reduces transparency in the decision-making process, potentially
fostering skepticism among patients and healthcare providers regarding the results. Consequently, improving the
interpretability of AI models represents a critical direction for future research[95,96].

CONCLUSION

Ultrasound offers advantages for TAO assessment, but key limitations remain, including resolution, operator
dependence, and protocol variability. Recent technological progress offers opportunities to address these shortcomings.
Ultrasound elastography enables quantitative assessment of tissue stiffness, potentially distinguishing active inflam-
matory changes from chronic fibrosis. Advances in Al and machine learning have opened avenues for automated image
analysis, reducing operator dependence and improving diagnostic consistency. These developments may expand the role
of ultrasound from a supplementary tool to a central modality for the diagnosis, staging, and longitudinal monitoring of
TAO. To advance the field, combining 3D ultrasound with shear-wave elastography and microvascular Doppler,
developing validated algorithms using multicenter datasets, and establishing imaging-VEGF/interleukin-6 stratification
models are essential and promising steps. This tripartite approach positions ultrasound as a cost-effective, radiation-free
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Table 2 Comparison of clinical applications of ultrasound and computed tomography/magnetic resonance imaging in the diagnosis of

thyroid-associated orbitopathy

Technical dimension Ultrasound CT/MRI Ref.
Spatial resolution Moderate (can distinguish muscle/fat layers)  High (MRI provides superior muscle texture detail) [1,76]
Hemodynamic assessment Superior (real-time Doppler quantification) Limited (requires contrast-enhanced scanning) [46,77]
Disease activity staging Based on hemodynamic + structural dynamics MRI T2 signal indicates edema [1]
Bony structure assessment Cannot visualize bony walls Essential (preoperative surgical decompression [76]
planning)
Cost and accessibility Superior (portable equipment) Higher (especially MRI) [46,76]
Safety Superior (non-ionizing, repeatable) CT radiation risk; MRI metallic contraindications [46,76]

CT: Computed tomography; MRI: Magnetic resonance imaging.

cornerstone for TAO management, with the potential to reduce healthcare costs in future medicine.
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Abstract

Non-traumatic headache is a common presentation in both emergency and
outpatient settings, where timely identification of raised intracranial pressure
(ICP) is crucial to prevent severe neurological complications. Conventional diag-
nostic methods such as computed tomography and lumbar puncture have im-
portant limitations, including invasiveness, delayed availability, and limited
sensitivity in certain contexts. Point-of-care ultrasound measurement of the optic
nerve sheath diameter (ONSD) has emerged as a rapid, non-invasive tool for de-
tecting elevated ICP at the bedside. The technique is based on the anatomical con-
tinuity between the intracranial subarachnoid space and the optic nerve sheath,
which expands in response to increased ICP. Evidence from multiple studies and
meta-analyses indicates that ONSD measurements above 5.0-5.7 mm in adults
strongly correlate with elevated ICP, showing pooled sensitivities and specificities
approaching 90%. This modality enables immediate triage, guides urgency of
neuroimaging, reduces unnecessary radiation exposure, and can be applied in
outpatient and low-resource settings. Despite these advantages, ONSD assess-
ment is subject to operator dependency, variability in threshold values, and re-
duced accuracy in patients with certain ocular or systemic conditions. Advances
in artificial intelligence-assisted measurement, coupled with standardized train-
ing protocols, have the potential to improve reproducibility and broaden adop-
tion. Overall, point-of-care ultrasound-based ONSD measurement represents a
valuable adjunct in the early evaluation of patients with non-traumatic headache,
facilitating faster diagnosis, better resource utilization, and improved patient
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Core Tip: Non-traumatic headache can be the first sign of raised intracranial pressure, requiring rapid recognition to prevent
neurological deterioration. Conventional diagnostics such as computed tomography and lumbar puncture have limitations.
Point-of-care ultrasound measurement of optic nerve sheath diameter is a fast, non-invasive method with high sensitivity and
specificity for detecting elevated intracranial pressure. Its use can expedite diagnosis, guide urgent management, and reduce
unnecessary imaging, especially in outpatient and resource-limited settings. Standardized training and emerging artificial
intelligence-assisted measurement promise to enhance its reliability and broaden its clinical impact.
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INTRODUCTION

Headache is one of the most frequent neurological complaints in both emergency departments and outpatient clinics.
Non-traumatic headaches account for approximately 2%-4% of all emergency visits, making it a common yet challenging
presentation[1]. While the majority of headaches are benign primary disorders (e.g. migraine or tension-type), clinicians
must remain vigilant for secondary causes. In particular, even in the absence of trauma, a headache can be the first sign of
elevated intracranial pressure (ICP) due to an underlying pathology that may be life-threatening. Early identification of
an ICP-related headache is crucial, as delayed recognition of raised ICP can lead to catastrophic neurological outcomes|[2].
Elevated ICP may precipitate cerebral ischemia, brain herniation, or even death if not promptly managed[2]. Evidence
from multiple studies and meta-analyses indicates that optic nerve sheath diameter (ONSD) measurements above 5.0-5.7
mm in adults strongly correlate with elevated ICP, showing pooled sensitivities and specificities approaching 90%.
Therefore, timely recognition and intervention are essential to prevent catastrophic outcomes. Therefore, distinguishing
high-risk headaches suggestive of intracranial hypertension from benign causes is a critical priority for emergency
physicians, neurologists, and ophthalmologists.

Conventional diagnostic approaches for suspected increased ICP each have significant limitations. Neuroimaging such
as computed tomography (CT) of the head is often the first step to evaluate secondary headaches, but a normal CT does
not rule out elevated ICP and only reveals specific causes (e.g. mass lesions or hemorrhage) when present. Furthermore,
CT involves radiation exposure and may not be immediately accessible in all settings. Direct measurement of
cerebrospinal fluid pressure via lumbar puncture (LP) remains the diagnostic gold standard for confirming intracranial
hypertension, but LP is invasive, time-consuming, and contraindicated if elevated ICP is strongly suspected due to the
risk of precipitating herniation. These logistical and safety limitations of CT and LP can delay diagnosis in an acute
headache scenario[3]. In the emergency setting, there is a pressing need for a rapid, bedside technique to screen for raised
ICP that avoids the delays and risks of conventional tests[3].

Point-of-care ultrasonography (POCUS) measurement of the ONSD has emerged as a promising solution to this
diagnostic gap. The optic nerve sheath is contiguous with the intracranial subarachnoid space, and it expands when ICP
rises. Bedside ocular ultrasound allows clinicians to directly visualize this sheath distension. Ultrasound-based ONSD
assessment is non-invasive, repeatable, and can be performed in seconds at the patient’s bedside, making it ideal for
urgent evaluation. It eliminates the need to transport unstable patients for radiographic studies and avoids the radiation
and procedural risks associated with CT or LP[3]. In recent years, multiple studies and meta-analyses have demonstrated
that an enlarged ONSD on ultrasound correlates strongly with raised ICP, with high sensitivity and specificity reported
for detecting intracranial hypertension[4]. In practice, a normal ONSD measurement has a high negative predictive value,
helping clinicians confidently rule out significant ICP elevation in many cases[5]. As a result, ONSD POCUS is being
increasingly adopted as a fast screening tool for elevated ICP in emergency and critical care settings.

Clinical scenarios where ONSD ultrasonography is particularly indicated include patients presenting with acute severe
headache accompanied by red-flag features such as visual disturbances, altered mental status, or focal neurological
deficits. It is also useful in suspected idiopathic intracranial hypertension (IIH), meningitis or intracranial infection, and in
patients where CT is delayed or unavailable, or LP is contraindicated. In these situations, bedside POCUS offers a rapid
and non-invasive alternative to guide urgent management decisions.

In summary, timely detection of elevated ICP in patients with headache (even without trauma) is of great clinical
importance to prevent neurological deterioration. Unfortunately, traditional modalities like CT and LP have practical
drawbacks in the acute setting. ONSD measurement by POCUS offers a rapid, non-invasive approach to bridge this gap.
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This paper explores the utility of POCUS-measured ONSD for early identification of raised ICP in non-traumatic
headache patients, aiming to guide clinicians in integrating this technique into early headache evaluation for better
patient outcomes.

LITERATURE REVIEW

Anatomy and technique

The optic nerve sheath is a continuation of the dura mater, the outermost membrane of the meninges that envelops the
brain. Similar to the brain, the nerve is surrounded by the arachnoid and pia mater, with cerebrospinal fluid (CSF) filling
the subarachnoid space in between[6].

Due to this anatomy, alterations in ICP are transmitted to the optic nerve sheath via the subarachnoid space, leading to
its dilation as ICP rises. Due to this physiological connection, the ONSD can be used as a non-invasive substitute
biomarker for elevated ICP[7]. Ultrasonographic evaluation of the ONSD has proven to be safe, rapid, and portable across
diverse settings such as emergency and critical care units. This technique visualizes optic nerve sheath enlargement
resulting from increased CSF pressure in the subarachnoid space as ICP rises.

The technique requires the patient to be positioned supine and the eye in a neutral gaze. A high-frequency linear
transducer (typically 7.5-15 MHz) is placed over the closed upper eyelid. To prevent any pressure on the eye, which
might lead to inaccurate readings, a small amount of ultrasonic gel is utilized[8].

The ONSD is measured 3 mm posterior to the retina, along a line perpendicular to the optic nerve’s long axis, to
provide the most reliable values[9]. Typically, assessments are conducted on both eyes, and an average is calculated.
Several systematic reviews and studies tried to give a threshold value for abnormal ONSD. It was found that a common
cutoff for elevated ICP is an ONSD measurement exceeding 5.0 mm in adults (or as high as 5.7 mm according to certain
studies). However, the cutoff can differ with population, pathology, and measurement method[10]. For example, a cutoff
of 5.9 mm was reported in pediatric intensive care studies[11]. A sensitivity of 90% and a specificity of 85% for detecting
increased ICP by ONSD were reported in a meta-analysis[12]. Nevertheless, accuracy can be affected by patient’s
position, probe orientation, and measurement site. Therefore, to ensure consistency and minimize variability between
observers, this technique requires attention to probe placement, angle, and site of measurement[12]. Although ONSD
ultrasound cannot replace direct ICP monitoring in critical care and neurosurgical settings, it serves as a valuable bedside
instrument, especially in circumstances where invasive monitoring is either unfeasible or not recommended.

The optic nerve sheath expands in response to increased ICP due to its continuity with the intracranial subarachnoid
space, which is filled with CSF. This anatomical relationship is the basis for using ONSD measurement as a surrogate
marker for raised ICP (Figure 1). The technique is illustrated in Figure 2A, which shows probe positioning over the closed
eyelid, and Figure 2B, which demonstrates a typical sonographic appearance of the ONSD with calipers.

Evidence and diagnostic accuracy

Because of the anatomical continuity between the intracranial subarachnoid space and the optic nerve sheath, elevations
in ICP lead to measurable sheath distension. Numerous studies have validated this correlation and assessed the
diagnostic performance of ONSD ultrasonography in detecting raised ICP[13]. Research has shown that patients with
elevated ICP tend to have significantly larger ONSD values compared to those with normal ICP. Analysis of 22 studies
conducted over 17 years revealed that patients with elevated ICP had a mean ONSD of 5.82 mm [95% confidence interval
(CI): 5.58-6.06 mm], which closely matches magnetic resonance imaging-based measurements. A subset of 15 studies
found that patients with elevated ICP had an ONSD of 5.6 mm, compared to 4.1 mm in those without elevated ICP, which
further supports its diagnostic utility[14].

ONSD ultrasonography demonstrates robust diagnostic performance. A study found that sonographic ONSD had a
93.2% sensitivity and 91.1% specificity in detecting raised ICP when compared to CT imaging, with an overall accuracy of
92%[15]. A practical threshold of 5.0 mm has been identified in multiple studies, yielding both high negative and positive
predictive values. An ONSD cutoff of 5.0 mm yielded a sensitivity of 88% and a specificity of 93%[16]. Another study at
the same threshold reported 100% sensitivity and 95% specificity[17]. An optimal cutoff of at least 4.8 mm was shown to
detect ICP > 20 mmHg with 96% sensitivity and 94% specificity[18].

Other studies have proposed higher cut-off values. Research has shown that a cutoff of 6.1 mm yields 100% sensitivity
and 83% specificity for ICP above 20 cmH,O[19]. An optimal cutoff of 5.68 mm was reported[20] while 5.7 mm was
identified as the most accurate value[21].

A recent meta-analysis revealed that the pooled sensitivity was 0.90 (95%CI: 0.85-0.93) and the pooled specificity was
0.87 (95%CI: 0.80-0.91)[22]. Studies with higher cutoffs, ranging from 5.6 mm to 6.3 mm, demonstrated greater specificity
(0.93) compared to 0.78, without affecting sensitivity, implying that this range may have more practical clinical applic-
ations[22].

A systematic review of 12 studies found that ONSD values below 5 mm typically indicate normal ICP, whereas values
above 6 mm suggest elevated ICP exceeding 20 mmHg, with a sensitivity of nearly 90% and a specificity of around 85%.
The diagnostic accuracy was highest when ONSD values were 5.85 mm or greater, particularly beyond 6 mm[23].

Reported sensitivity and specificity values vary depending on the population studied and the measurement cut-off
used, with most adult thresholds ranging from 5.0 mm to 5.7 mm. A summary of key studies, including their diagnostic
performance and cut-off values, is provided in Figure 3.
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Figure 1 Anatomical relationship of the optic nerve sheath to the intracranial subarachnoid space, illustrating sheath expansion in raised
intracranial pressure. ICP: Intracranial pressure; CSF: Cerebrospinal fluid.

Figure 2 Ultrasonographic technique for measuring optic nerve sheath diameter using point-of-care ultrasound. A: Proper ultrasound probe
placement over the closed eyelid for optic nerve sheath diameter measurement; B: Sonographic image of the optic nerve sheath diameter with calipers placed 3 mm
posterior to the retina. ONSD: Optic nerve sheath diameter.

There is no consensus in the literature on a definitive ONSD threshold, with reported cutoffs varying from 4.1 mm to
7.2 mm. The high sensitivity of ONSD ultrasonography, despite its variability, makes it a valuable tool for screening and
ruling out elevated ICP, and for guiding decisions on further invasive testing[22]. The need for standardizing ultrasound
measurement techniques and cutoffs in future studies is highlighted by these findings[23].

CLINICAL USE AND INTEGRATION OF POCUS ONSD IN HEADACHE MANAGEMENT
POCUS for red-flag headaches in emergency settings

POCUS measurement of ONSD has become a critical bedside tool in emergency departments, particularly for patients
presenting with “red flag” headaches that may indicate elevated ICP. It is particularly valuable for rapid assessment of
patients who present to the ED with headaches associated with symptoms that indicate increased ICP such as visual
disturbances, altered level of consciousness, or neurological deficits. Rapid identification of raised ICP allows clinicians to
make immediate clinical decisions, often prior to definitive imaging.

Patients with serious intracranial disorders reported increasing headaches typically demonstrate much larger ONSD
measurements with the average ONSD around 6.2 mm, while the average ONSD in patients with benign headaches is
about 4.5 mm. An ONSD cut-off of approximately 5.2 mm is found to accurately distinguish patients that require urgent
evaluation and intervention with those with benign headaches with sensitivity near 98% and specificity at 100%[24]. In
another systematic review, they concluded that ultrasound was reliable as a diagnostic tool for the detection of elevated
ICP, with a pooled sensitivity of 92% and specificity of 86%[25].

Clinicians practicing in the ED use ocular ultrasound to screen patients with severe or concerning headaches rapidly. If
they see an enlarged ONSD, they escalate imaging or clinical intervention. If they see a normal ONSD, they can reassure
the patient while then guiding their clinical thought process towards other possible diagnosis. Ocular ultrasound in this
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Figure 3 Diagnostic accuracy of point-of-care ultrasound-measured optic nerve sheath diameter for detecting raised intracranial
pressure, showing sensitivity, specificity, and cut-off values from key studies.

scenario is easier and more effective than traditional fundoscopy because of the accessible, fast, and non-invasive nature
of ultrasound. Fundoscopy can be highly subjective but may also alter the patient experience dramatically (and cause
discomfort) in cases of urgency[26].

A good example of the potential value of POCUS is a patient with an acute neurological decline. At the bedside, ONSD
ultrasound demonstrated extremely high ICP, leading to potentially lifesaving interventions such as intubation and
neurosurgery before obtaining advanced imaging[27]. These examples document how bedside ultrasound can change
patient care quickly by allowing pivotal time-sensitive interventions to occur.

Impact on diagnosis, treatment speed, and patient outcomes

Use of ocular POCUS in the initial evaluation of headache patients in urgent-care or emergency settings greatly impacts
the speed at which the diagnosis is made and treatment initiated. A scan will facilitate the immediate evaluation of
elevated ICP, allowing a clinical workup to be directed towards the most urgent imaging and management decisions for
the patient. Conversely, if ONSD is normal, an immediate management decision may delay imaging and the need for
invasive procedures, which would be useful in low-resource settings, emergency departments, urgent care centers, and
specialist consultations where waiting for advanced imaging is a reality.

In outpatient care, POCUS can also assist to expedite patient management decisions. A recent outpatient case of a
chronic headache required a very prompt ultrasound assessment. The ultrasound performed while the patient was at the
bedside found an ONSD of 6 mm which was stretched out considerably; enough to facilitate a clinical referral and a
subsequent definitive diagnosis of IIH and to avoid potentially unnecessary visits to the emergency department and
advanced imaging[28]. This incorporation of ultrasound in outpatient care will accelerate and simplify patient
management.

Serial ONSD measurements in critical care allow dynamic real time assessments and monitoring of ICP. One periop-
erative patient suffering from acute neurological deterioration underwent a timely ultrasound evaluation which revealed
marked elevation in the ONSD allowing for timely medical interventions such as osmotic therapy[29]. Thus, a series of
ultrasound assessment allows for monitoring patients' treatment response, while identifying worsening progression
necessitating intervention.

Additionally, ultrasound assessments provide opportunities to eliminate unnecessary imaging and procedures.
Patients with primary benign headaches demonstrated normal ONSD measurements, nearby safely ruling out the need of
urgent neuroimaging and thus decrease overall costs and the threat of radiation[25]. Therefore, this type of selective
approach is highly beneficial in outpatient or resource limited environments.

Outpatient and follow-up applications

POCUS is also important outside of acute care and still works great in outpatient neurology and ophthalmology clinics.
Patients suffering with chronic headaches or symptoms suggestive of IIH can be evaluated very fast with ultrasound,
allowing for quick confirmation or exclusion of any high ICP.

Ocular ultrasound is recommended in the routine outpatient evaluation of patients with suspected IIH and gives
reliable diagnostic information even before traditional signs (such as papilledema) are apparent[30]. Depending on
patient’s treatment and the resolution or exacerbation of symptoms, serial ultrasound measurements provide objective
indications for clinician to justify treatment effectiveness instead of relying on repeated invasive measures.

In primary care, ultrasound provides a hybrid step between their first suspicion and a definitive diagnosis, supporting
their ultimate decision of whether to urgently refer or order additional tests. This reduces wasted time and resources,
while also helping ensure their patients receive appropriate and timely care.
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Benefits in low-resource and rural settings

POCUS is particularly important in rural and resource-limited settings, especially because many of the higher-end
imaging modalities are not available. Studies evaluating optic nerve ultrasound have shown a reasonable correlation with
CT scan findings in rural clinical environments, and a cutoff of 5.2 mm for ONSD was found to be a reasonable predictor
of ICP[31]. This simple diagnostic modality allows urgent transfer of patients or a quick local intervention allowing
clinicians in remote areas to quickly identify the need for further intervention.

Because ultrasonography is highly portable and easy to use, particularly relevant to the practice of rural healthcare, it
allows clinicians to almost immediately identify candidates for urgent neurological intervention from a substantial
distance from an acute care site[3]. In particular, if rural clinicians encounter any patient with headache or with new-
onset alertness-reducing neurologic issue such as suspected meningitis; they can quickly perform ultrasound without
waiting for other imaging thus allowing for immediate decisions about transfer or management. A resolution of “normal”
on ultrasound means these providers can confidently locally manage the patient and prevent unnecessary transfers -
saving precious resources and time.

In conclusion, ocular ultrasound is a simple and effective addition to the clinical workflow of a range of healthcare
providers which can improve the accuracy of diagnosis, the speed of patient management, and efficiency of resource use
in an array of settings from urban emergency departments to remote rural clinics.

Limitations of ONSD POCUS

Despite its benefits, ONSD measurement using POCUS presents several limitations that must be acknowledged when
interpreting its results. One of the primary challenges is the variability in measurements between different operators. The
technique requires precise anatomical visualization and probe positioning, and without sufficient training, there is a
significant risk of inter- and intra-operator variability[32]. This variability can influence diagnostic accuracy, particularly
when small differences in sheath diameter may have clinical significance. In addition, a newly introduced automated
frame selection method achieved an intraclass correlation coefficient of only 0.782 compared to expert clinicians,
reflecting substantial operator related differences in manually selecting optimal images[33].

Proper training and continued practice are essential for clinicians to obtain reliable measurements. Nevertheless, many
emergency and critical care providers lack formal training in ocular ultrasonography. A study found that even after a
brief instructional session, novice users displayed considerable variation in ONSD measurements[34], emphasizing the
importance of hands-on experience and quality assurance mechanisms. In a recent study, after a brief 4 hours theoretical
and hands on training session, intensive care unit residents and medical students achieved measurement agreement
within a 0.5 mm of expert values on Bland Altman analysis, while nursing students exhibited the highest error rates[35].

Patient-specific factors can also affect the accuracy of ONSD assessment. Chronic optic nerve conditions like glaucoma
or optic neuritis can change the structure of the optic nerve sheath, making ONSD measurements less reliable. For
example, patients with normal tension glaucoma have been shown to have smaller sheath diameters despite normal ICP
[36]. Additionally, acquiring a clear image of the optic nerve sheath in patients with periorbital edema or obesity can be
technically challenging due to increased tissue depth and poor acoustic windows[18].

Technical aspects of ultrasound imaging can significantly influence the accuracy of ONSD measurements. Factors such
as gain, frequency settings, dynamic range, and common imaging artifacts (like acoustic shadowing, speckle, and beam
refraction) can distort the results if not appropriately adjusted or accounted for during scanning[37]. Importantly, ONSD
cutoff selection involves a sensitivity-specificity balance: Lower thresholds improve detection rates but may increase false
positives. For instance, a pediatric emergency care study found that an ONSD cutoff of 4.9 mm had a sensitivity of 90%
but specificity as low as 47%, leading to potential overdiagnosis[38]. Variations in equipment further complicate
measurement consistency. High-frequency linear transducers are generally recommended, but variations in image
resolution, presets, and device quality can lead to inconsistent results. Mean error rates in ONSD measurements differed
significantly across three ultrasound systems[39], suggesting that “device choice alone can materially impact diagnostic
performance”.

Contraindications to ONSD ultrasonography are limited but important to consider. Absolute contraindication includes
suspected or confirmed open globe injury, where probe pressure could cause extrusion of ocular contents. Relative
contraindications include recent ocular surgery, significant orbital trauma, or severe eye infections, where manipulation
of the eyelid may worsen the condition. In these cases, alternative methods for ICP evaluation should be used.

FUTURE APPLICATIONS AND IMPROVEMENTS IN POCUS-ONSD

POCUS assessment of the ONSD continues to evolve with new technologies and protocols that enhance its role in ICP
monitoring. Ongoing research is exploring artificial intelligence (Al)-assisted interpretation and automated measurement
tools. Advanced image-analysis algorithms have been developed to automatically measure ONSD on ultrasound images
with high precision comparable to expert clinicians, reducing operator-dependent variability[18,40]. These Al-driven
systems may enable reliable ONSD assessment even by less experienced users and in austere settings, by providing
consistent measurements and identifying optimal images for analysis.

Comprehensive training programs and standardized protocols are essential to ensure safe and reliable use. Proper
operator training and uniform technique are critical, as measurement inconsistencies have historically limited ONSD’s
reliability. An international consensus in 2024 introduced a standardized ONSD ultrasound quality criteria checklist to
improve consistency in image acquisition and measurement[37]. Studies also demonstrate that with brief dedicated
training, even non-physician providers (e.g. nurses or medical students) can learn to obtain accurate ONSD mea-
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surements, approaching expert-level agreement[35]. Implementing formal training curricula and adherence to consensus
protocols will help minimize inter-operator variation and improve the safety of widespread ONSD use.

Future studies should aim to validate ONSD measurement in broader non-traumatic headache populations. To date,
ONSD ultrasound is well-established for detecting raised ICP in traumatic brain injury - it has even been incorporated
into some traumatic brain injury management guidelines[41]. However, evidence in non-traumatic neurologic conditions
(such as spontaneous intracerebral hemorrhage, stroke, meningitis, or ITH) is less extensive and sometimes inconsistent
[42]. Recent reviews indicate ONSD can be a useful adjunct for identifying elevated ICP in acute stroke, intracranial
bleeding, and intracranial infections, but call for further research to refine diagnostic cutoffs and validate its prognostic
value in these diverse, non-trauma patient groups[42]. Expanding research to headache patients without trauma (to
distinguish benign vs dangerous causes) will be important for broader clinical adoption.

Integrating POCUS ONSD into clinical guidelines could improve care efficiency. Incorporating ONSD measurement
into emergency and critical care algorithms may streamline the evaluation of suspected intracranial hypertension. For
example, using ONSD ultrasound at the bedside could help triage which headache patients require urgent neuroimaging,
thereby reducing unnecessary radiation and delays. Formal guideline endorsements and inclusion in protocols (e.g. for
emergency headache workups or intensive care unit monitoring) would standardize its use and magnify its impact on
care delivery. Integrating ONSD into routine practice may enable clinicians to make faster, more informed decisions in
time-sensitive neurological emergencies.

Ultimately, POCUS-based ONSD measurement represents a promising tool for early ICP detection that warrants
broader adoption and further study. It is a rapid, noninvasive, and repeatable bedside technique with growing evidence
of diagnostic accuracy for raised ICP in both traumatic and non-traumatic contexts[43,44]. ONSD ultrasound is
considered safe and low-cost, with the potential to screen patients who may need confirmatory neuroimaging or invasive
monitoring[43]. Key next steps include leveraging innovations like Al to assist interpretation, ensuring practitioners are
well-trained, and conducting large multicenter trials in varied patient populations. With these improvements, ONSD
POCUS may be more widely adopted as an efficient early-warning tool for intracranial hypertension, improving patient
triage and outcomes.

Recently, an international expert consensus introduced the ONSD POCUS Quality Criteria Checklist (ONSD POCUS
QCQ), providing standardized guidance for image acquisition and measurement in clinical and research settings[45].

CONCLUSION

POCUS measurement of the ONSD is a rapid, non-invasive, and reliable method for detecting raised ICP in patients
presenting with non-traumatic headache. Given its high diagnostic accuracy, ease of bedside application, and utility
across emergency, outpatient, and resource-limited settings, it serves as a valuable adjunct to traditional neuroimaging
and invasive monitoring. While operator dependency and variability in cut-off values remain limitations, advances in
standardized training and Al-assisted measurement are likely to enhance consistency. Wider adoption and further
validation in diverse patient populations could significantly improve early diagnosis, triage efficiency, and patient
outcomes.
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Abstract

Photon-counting computed tomography (PCCT) represents a transformative
advancement in neuroimaging, offering superior spatial resolution, spectral ima-
ging capabilities, reduced radiation dose, and enhanced contrast-to-noise ratios.
This review explores the technical foundations of PCCT, its advantages over con-
ventional CT, and its growing applications in neuroimaging. PCCT has shown
promise in improving neurovascular imaging, detecting small vessels, and redu-
cing artifacts near metallic implants. It also enhances the visualization of spont-
aneous intracranial hypotension and cerebrospinal fluid leaks and provides
superior diagnostic accuracy in acute ischemic stroke imaging. However, current
limitations, including protocol complexity, high data volume, and the absence of
integrated artificial intelligence noise reduction algorithms, pose challenges to
widespread adoption. Future research should address these limitations and refine
PCCT’s applications to unlock its full clinical potential.

Key Words: Computed tomography; Photon-counting; Head; Neuroimaging; Neuro-
vascular
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Core Tip: Photon-counting computed tomography offers unprecedented spatial and spectral resolution in neuroimaging,
enabling improved detection of subtle pathologies such as small vessels, cerebrospinal fluid leaks, and early ischemic
changes, while reducing artifacts and radiation dose. Despite current challenges in protocol standardization, data handling,
and integration of artificial intelligence-based noise reduction, photon-counting computed tomography holds strong potential
to become a new standard in clinical neuroimaging.
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INTRODUCTION

Computed tomography (CT) has become essential in diagnosing and evaluating numerous neurological conditions. Since
its development in the 1970s, CT technology has advanced substantially, evolving from basic single-source systems to
sophisticated scanners with larger detectors, faster helical scans, and multi-energy capabilities. In the 1990s, we witnessed
the introduction of spiral CT, wide detector CT in 2004, dual-source CT in 2005, and dual-layer CT detectors in 2013. In
the last two decades, dual-source CT systems have become widely used in clinical settings, especially in emergency
neuroimaging[1,2]. The most recent innovation in CT technology is photon-counting detectors (PCDs). On September 29,
2021, the United States Food and Drug Administration approved the first photon-counting CT (PCCT) for clinical use,
which has mainly been tested on models and adult patients. Other manufacturers are currently developing their system,
but there is only scant information available on system design, capabilities, and, to our best knowledge, no use in humans
[1,3,4]. Several manufacturers have now developed PCCT systems, including Siemens Healthineers (NAEOTOM Alpha),
GE HealthCare (Revolution Aspire), Canon Medical (Aquilion PC CT), and United Imaging (uMI PCCT). While the core
principle of direct photon conversion remains similar, these systems differ in detector materials (e.g., cadmium telluride
vs cadmium zinc telluride), energy threshold design, count rate capability, and noise correction algorithms. Such
variations lead to differences in achievable spatial resolution, spectral separation, and reconstruction efficiency, which can
influence both image quality and dose performance across vendors. This review will explore PCCT based on our
experience, outlining its technical foundations, highlighting its advantages over traditional CT, and discussing its est-
ablished and potential applications in neuroimaging.

DETECTOR TECHNOLOGY

Energy-integrating detectors (EIDs) use a two-step process to convert X-ray photons into electronic signals. Incoming X-
rays are first converted into visible light by a scintillator (e.g., gadolinium oxysulfide or cadmium tungstate), which emits
light when exposed to ionizing radiation. This light is then absorbed by photodiodes, generating an electrical signal. EIDs
output a signal proportional to the total X-ray energy deposited but lack the ability to distinguish photon energy levels,
limiting their spectral information. Reflective components like septa are used to capture dispersing light photons but
reduce geometric dose efficiency and spatial resolution[5,6]. In contrast, PCDs directly convert X-ray photons into
electrical signals using semiconductors such as cadmium telluride, cadmium zinc telluride, or gallium arsenide. When
photons interact with the semiconductor, they generate electron-hole pairs that are directed toward a pixelated anode
under an applied voltage, creating an electrical pulse. Application-specific integrated circuits process these pulses,
categorizing photons into 2-8 predefined energy levels. This allows PCDs to provide energy spectra for each photon,
enhancing tissue characterization, electronic noise reduction, spatial resolution, and dose efficiency[5,6].

Furthermore, PCDs have the unique ability to register low-energy photons that are often discarded in EIDs due to
electronic noise or inefficiencies in light conversion. This capability significantly enhances soft tissue contrast, enabling
improved visualization of structures with subtle density differences, such as vessels or lesions in adipose tissue.
Additionally, capturing low-energy photons contributes to dose efficiency by ensuring that a broader range of the X-ray
spectrum contributes to image formation, thereby reducing unnecessary radiation exposure to the patient[5,6]. Unlike
EIDs, PCDs eliminate the need for septa, enabling smaller pixel sizes and higher spatial resolution. However, technical
challenges like charge sharing and pulse pile-up can occur. PCCT systems achieve improved image quality by enhancing
the contrast-to-noise ratio (CNR) and offering advanced spectral imaging capabilities akin to color photography, where
energy levels provide depth rather than relying solely on intensity[5,6] (Table 1; Figure 1).

WJR | https://www.wjgnet.com 2 November 28,2025 | Volumel17 | Issuell |

Jaishideng®


https://www.wjgnet.com/1949-8470/full/v17/i11/113701.htm
https://dx.doi.org/10.4329/wjr.v17.i11.113701

Perera Molligoda Arachchige AS et al. Role of PCCT in neuroimaging

Table 1 Comparison of energy integrating vs photon counting detector systems used in computed tomography

Energy integrating detectors

Photon counting detectors

Principle of
operation

Energy conversion

Detector material
Energy resolution
Dose efficiency
Spatial resolution
Spectral imaging
capability
Contrast Resolution
Detector efficiency
Scatter sensitivity
Temporal
resolution
Artifacts

Cost

Power consumption

Longevity and
robustness

Measures the total energy deposited by all incoming photons,
without distinguishing their individual energies

X-rays, light energy, and electrical energy

Typically uses scintillators (e.g., cesium iodide) coupled with
photodiodes

Poor - cannot differentiate photon energies, resulting in a loss of
spectral information

Lower - loses information due to electronic noise and scatter
Moderate - limited by the size of the scintillator and optical
coupling

Limited - no ability to differentiate or quantify materials based on
photon energy

Limited - relies on iodine contrast enhancement but lacks the
ability to differentiate materials based on energy spectra

Lower - efficiency decreases at higher photon energies due to
scattering and light loss in the scintillator

Higher - more susceptible to scatter artifacts, reducing image
quality

Limited - relies on integration over a specific time interval, which
may result in temporal blurring

Susceptible to beam hardening and metal artifacts due to a lack of
spectral differentiation

Lower - widely used and cheaper due to mature technology and
simpler design

Lower - simpler electronics and integration processes result in
reduced power needs

High - well-established and reliable for routine use

Detects and counts individual photons, measuring their energy
levels to differentiate photon spectra

X-rays, electrical energy

Utilizes semiconductors (e.g., cadmium telluride or silicon)
High - excellent energy resolution, enabling spectral imaging
and material decomposition

Higher - better noise performance and higher signal-to-noise
ratio, enabling lower radiation dose

High - smaller pixel sizes and direct detection improve spatial
resolution

Superior - enables spectral imaging by separating photons into
energy bins for material characterization

High - can improve contrast resolution by distinguishing
between materials using energy-specific information

Higher - direct photon-to-electron conversion results in greater
efficiency across a wide energy range

Lower - better scatter rejection due to energy discrimination
High - fast photon counting allows better temporal resolution
for dynamic imaging

Reduces beam hardening and metal artifacts by using spectral
information

Higher - emerging technology with more complex manufac-
turing processes and semiconductor materials

Higher - photon counting electronics and energy discrim-
ination require more power

Moderate - sensitive semiconductor materials may be prone to
degradation over time or under high doses

APPLICATIONS

Vascular imaging

PCCT can offer enhanced visualization of stents and reduced blooming artifacts in head and neck angiographies. PCCT
angiography provides precise lumen visualization and depiction of metallic stent meshes with higher accuracy than EID-
CT angiography (CTA). PCCT reduces artifacts from metallic implants, such as intracranial clips and coils, by leveraging
high-energy bins that suppress beam-hardening and electronic noise[7-9]. The reduced lateral spreading of secondary
quanta in PCDs also relaxes the need for inter-pixel septa and enables the use of a much smaller pixel size (e.g., 0.1 mm)
without sacrificing geometry efficiency. The inherent equal weighting of high and low energy photons in PCDs offers an
improvement in the CNR of iodinated vessels. The energy resolving capability can also be used to generate virtual
monoenergetic CT images that, upon optimization of the keV level, can improve the CNR of iodinated objects such as
blood vessels[8]. Enhanced visualization with lower noise, superior signal-to-noise ratio (SNR), and reduced artifacts
improves the evaluation of vascular anatomy, small arterial structures, tiny intracranial vessels, and diminutive vessels,
and helps distinguish intracranial aneurysms from infundibula[7]. Blooming artifact reduction, through decreased voxel
size and high-energy virtual monoenergetic imaging, reduces artifactual stenoses in calcified plaques and facilitates the
characterization of structures near surgical clips[7]. PCCT allows improved evaluation of vascular stents, enabling better
visualization of individual stent struts, enhanced evaluation of in-stent stenoses in small arteries, and improved ass-
essment of aneurysms treated with occlusion systems like the Woven EndoBridge device[7].

Reduced beam hardening artifact benefits include better assessment of arterial segments near the skull base and
cervical vertebrae, as well as superior evaluation of the petrous segment of the internal carotid artery, which is often
obscured by beam hardening artifacts on EID-CT[10]. Spinal photon-counting CTA can be used for the characterization of
spinal vascular malformations, including spinal dural arteriovenous fistulas, with high spatial resolution, helping to
identify tiny vessels. Multi-energy acquisition allows for a virtual monoenergetic image to enhance iodine contrast, faci-
litating better vessel visualization with smaller or equal contrast doses[7].

While digital subtraction angiography remains the clinical gold standard for cerebrovascular evaluation, CTA is widely
accepted as a non-invasive diagnostic alternative for imaging large cerebral arteries and veins. An important challenge
that currently remains for CTA is its limited performance in imaging small perforating arteries with diameters below 0.5
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Figure 1 A comparison of traditional energy integrating vs photon-counting detector systems. A: Energy integrating; B: Photon-counting detector.

mm[8]. PCCT can effectively improve the image quality of CTA maximum intensity projection (MIP) images, benefiting
the visualization of perforating or small vessels for a given radiation exposure level, as evidenced by its ability to unveil
structures not seen before, such as short and long posterior ciliary arteries. A recent work by Harvey et al[3] studied the
potential benefits of using PCCT to improve the performance of CTA in imaging these small arteries. In particular, the
study focused on an important component of the CTA image package known as the MIP image. PCDs lead to improved
vessel SNR in MIP images since the SNR of PCCT MIP was found to be 5.8 £ 1.3 for PCCT, compared with 4.4 £ 0.9 for
MDCT (P < 0.01)[8]. Further, the enhanced spatial resolution helps in identifying the arteriovenous malformation nidus
and its reduction upon gamma-knife treatment.

SIH and CSF venous fistulas

Cerebrospinal fluid (CSF)-venous fistulas (CVFs), first identified in 2014, are a significant cause of spontaneous
intracranial hypotension (SIH). Detecting CVFs using standard anatomical imaging can be difficult because, unlike other
spinal CSF leaks, they do not typically result in fluid pooling in the epidural space, and the imaging signs are often subtle.
To aid in CVF detection, specialized myelographic techniques have been developed[11]. Recently, PCCT myelography
(PC-CTM) has been introduced as an effective method for identifying CSF-venous fistulas, demonstrating its potential for
early diagnosis and targeted treatment of SIH. PC-CTM is likely to offer advantages in localizing dural tears, a different
type of spontaneous spinal CSF leak that requires distinct myelographic techniques for accurate identification[7]. The
high spatial resolution of PCCT allows for precise anatomical identification of leak sites with high sensitivity, without
significant loss of specificity (Figure 2). This technique is capable of localizing subtle leaks and characterizing small
osseous spicules. Additionally, it enables the creation of virtual monoenergetic images without dual-energy techniques
and improves the visibility of nerve root sleeves, enhancing the detection and assessment of CVF leaks[12].

The Bern score, which is based on brain magnetic resonance imaging findings in patients with suspected SIH,
categorizes patients into high, intermediate, or low probabilities of having a spinal CSF leak or CVF, aiding in the
selection of further investigations like digital subtraction myelography (DSM) or CT myelography[13-15]. These pro-
cedures, while necessary, are invasive, time-intensive, and involve significant radiation exposure. PCCT has shown
potential for reducing radiation doses compared to EID-CT, making PC-CTM an appealing first-line imaging choice,
particularly for younger patients. PC-CTM also offers enhanced visualization of venous abnormalities, including arteri-
ovenous malformations and vascular shunts[13-15]. Works of Madhavan et al[16] found that decubitus PC-CTM for
patients with intermediate and high Bern scores achieved diagnostic yields comparable to those reported for decubitus
DSM and EID-CTM. Notably, PC-CTM showed higher yields in patients with low-probability Bern scores than other
methods. However, the retrospective nature of this study calls for future prospective research to compare the sensitivity
of PC-CTM with other modalities[17]. Another study by the same group confirmed the superiority of PC-CTM over DSM
and EID-CTM for detecting CVFs, though limited by a small sample size, highlighting the need for studies involving
larger patient groups[18]. PC-CTM offers further benefits, such as thinner axial section thicknesses (0.2-0.4 mm compared
to 0.6 mm in EID-CT) for clearer visualization of small veins and improved temporal resolution. Faster scan speeds
(average of 5.0 seconds) reduce motion artifacts and enable multiple time-point sampling within short intervals[18].

Acute ischemic stroke
PCCT images have 12.8%-20.6% less image noise and a 19%-20% higher signal-to-noise ratio than EID-CT for both grey
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Figure 2 Cerebrospinal fluid-venous fistulas are challenging to detect using conventional computed tomography imaging. NAEOTOM Alpha

makes Cerebrospinal fluid-venous fistulas visible (orange coloured arrow). Copyright ©Siemens Healthineers AG 2024. The authors have obtained the permission
(Supplementary material).

and white matter, resulting in improved image quality and enhanced grey-white matter contrast, being about 15.7%
higher compared to EID-CT[19,20]. As a result, it has the potential to significantly aid in the early detection and diagnosis
of brain pathologies, including acute strokes, intracranial hemorrhage, and other soft-tissue abnormalities, by identifying
subtle attenuation differences such as grey matter hypoattenuation changes, the insular ribbon sign, and other early
ischemic changes[19,20]. In acute ischemic stroke patients, distinguishing between contrast pooling and hemorrhages
(subarachnoid or parenchymal) is crucial for post-mechanical thrombectomy management. PCCT can accurately differ-
entiate between hemorrhage and contrast media, preventing misdiagnosis and ensuring appropriate treatment decisions
[19-21]. PCCT can potentially streamline acute stroke protocols by enabling multi-contrast imaging in a single scan,
reducing time delays and improving diagnostic accuracy[22].

Imaging of atherosclerotic plaques

While traditional CT is commonly used for identifying calcium in atheromatous plaques, plaque rupture risk is
influenced by several other factors beyond just calcium, such as intraplaque hemorrhage and lipid content. PCCT has the
potential to go beyond calcium detection, making it highly valuable for evaluating the broader composition of athero-
sclerotic plaques. This could enhance our understanding of rupture-prone plaques, improving diagnosis, risk assessment,
and the monitoring of treatments or preventive measures[23]. A recent study conducted using five carotid plaques from
donations of patients with carotid stenosis undergoing endarterectomy showed that PCCT can distinguish several
rupture-prone plaque features: Calcium and thrombus were shown to be distinguishable from intraplaque hemorrhage,
fibrosis, fibrous cap, lipids, and necrosis. PCCT has the potential to detect photons in separate energy bins, reducing
energy overlap and improving spectral separation. At high resolution, PCCT reduces calcium overestimation by
minimizing blooming artifacts, a limitation of conventional CT. The study was, however, limited by the small number of
carotid plaques and was conducted ex vivo without the use of contrast agents. The use of contrast agents would likely
improve differentiation of plaque features[24].

Spectral PCCT faces technical challenges, including charge sharing, K-fluorescence escape, and photon count rate
limitations, which affect spatial and energy resolution. Mitigations to these challenges include techniques like Charge
summing, pixel masking, per-pixel calibration, and protocol optimizations, with anticipated future improvements as the
technology evolves. Once adapted clinically, spectral PCCT could enable precise diagnosis and treatment planning,
giving clinicians a detailed view of atheroma within arteries for better surgical intervention outcomes[25]. Experimental
studies with apolipoprotein E knockout mice showed spectral PCCT’s ability to differentiate materials like gold, iodine,
and bone, revealing macrophage accumulation in atherosclerotic models[26,27].

Post-treatment follow-up of treated aneurysms and intracranial stents

PCCT angiography can serve as an alternative to selective angiography, providing a less invasive and lower-radiation
option for patients. This is especially valuable in cranial and spinal imaging, though detailed hemodynamic studies may
still require conventional cerebral angiography[28]. PCCT angiography offers high precision in visualizing metallic stent
structures, supporting its use in both stent and vascular imaging. Known for its enhanced spatial resolution, cone-beam
CT with diluted contrast media is widely used for postoperative evaluations, particularly to assess stent adhesion and
detect in-stent thrombosis. Given that PCCT angiography achieves comparable image quality to cone-beam CT, it
presents a promising, less invasive alternative for detailed postoperative vascular assessments, allowing for effective
monitoring of stent apposition, in-stent thrombosis (Figure 3), and intimal hyperplasia[28,29]. The PCCT angiography
images captured the stent’s structure, and comparison of three-dimensional images from EID-CTA and PCCT angjio-
graphy demonstrated that PCCT angiography offered superior resolution for evaluating stent shape and apposition. High
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Figure 3 Image showing a conventional image of a head computed tomography angiogram (on the left) and its corresponding photon-
counting computed tomography version (on the right), which clearly shows a middle cerebral artery stent with in-stent thrombosis. EID-
CT: Energy-integrating detector-computed tomography; PCD-CT: Photon-counting detector-computed tomography; MCA: Middle cerebral artery. Image courtesy of
Professor Cynthia H McCollough, Mayo Clinic, Rochester, MN, United States.

kernels in PCCT enable detailed visualization of stent mesh and lumen, allowing clinicians to assess the stent’s
integration with the vessel wall and detect issues like partial attachment (“fish-mouthing”). However, further research is
needed to optimize kernel settings for evaluating in-stent intimal growth[29].

Assessment of DBS electrodes

Directional deep-brain stimulation (DBS) electrodes are increasingly used, but conventional CT is unable to directly
image segmented contacts owing to physics-based resolution constraints. PCDs are a relatively novel technology that
enables high-resolution imaging while addressing several limitations intrinsic to conventional CT[30] (Figure 4). Post-
operative electrode segment orientation assessment is necessary because of the possibility of significant deviation during
or immediately after insertion. PCCT can enable clear in vivo imaging of DBS electrodes, including segmented contacts
and markers for all major lead manufacturers[31] (Figure 5). Manfield et al[30] describe postoperative imaging and
reconstruction protocols developed to enable optimal lead visualization. High-fidelity images were obtained for 15
patients, clearly indicating the segmented contacts and directional markers both on CT alone and when fused to magnetic
resonance imaging[30,32]. The highest resolution offered by PCCT is now 0.11 mm, some two to four times finer than that
of contemporary conventional CT[33]. PCCT, including high-resolution lead tip imaging, delivered a statistically
significant 13% dose reduction compared with their previously used combination of standard head CT plus fluoroscopy
[30]. For most leads, the directly imaged lead orientations and depths corresponded closely to those predicted by CT
artifact-based reconstructions. Indeed, conventional CT artifact-based methods can have a 180° error in orientation
assessment, whereas PCCT provides direct and accurate imaging of lead orientation[30].

PCCT scans offer clearer imaging of electrode contacts and internal structures, which can aid in identifying faults in
cases of suspected lead fractures. Variations in lead construction among manufacturers influence the ability to resolve
internal structures[34-36]. PCCT can easily capture the directional segmentation of DBS electrodes for all major com-
mercial systems, while also reducing radiation exposure compared to traditional imaging techniques. Its capability to
discern fine details, such as the individual wires in certain DBS leads, provides valuable insights for diagnosing potential
issues like lead fractures. Postoperative PCCT imaging is already a routine practice in many DBS centers for confirming
target accuracy and excluding hematomas[30]. Using PCCT for DBS electrode imaging enables anatomically guided
programming, which may streamline device setup and reduce time and complexity. Conventional methods, such as
rotational fluoroscopy and CT artifact analysis, have limitations, including the need for orthogonal views and the
potential for miscalculations in lead orientation[30].

Middle ear and internal ear
PCCT offers superior in-plane resolution and thinner section thickness compared to EID-CT. This enhanced resolution
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Figure 4 On the lumbar spine images acquired on the photon-counting computed tomography (on the left), the metallic artifacts are less
evident when compared with conventional computed tomography (on the right).

Photon-counting Conventional
CcT dual-energy
EID CT

Figure 5 Direct visualization of the DBS electrode with photon-counting computed tomography without having to rely on streak artifacts
that overlap each other with multiple electrodes. CT: Computed tomography; EID-CT: Energy-integrating detector-computed tomography. Image courtesy
of Professor Erik H Middlebrooks, Mayo Clinic, Jacksonville, FL, United States.

produces sharper images that consistently reveal fine details. Specifically, the microarchitecture of the ossicles, ossicular
ligaments, tendons, and bony protuberances, which are crucial for accurate interpretation, is much more clearly
visualized with PCCT. PCCT images offer detailed visualization of the complex anatomy of the epitympanum and
hypotympanum, which are essential for diagnosing middle ear pathologies[37]. This enhanced clarity is especially
relevant for assessing ossicular chain anomalies, including discontinuities, fibrous unions, congenital fusions, and
fixations such as otosclerosis (Figure 6) and tympanosclerosis, thereby potentially improving clinical outcomes in ear
pathology diagnostics[38]. Although ossicular chain dislocation is uncommon and often related to temporal bone trauma,
its exact prevalence is not well defined. Approximately 50% of temporal bone fractures involve ossicular damage, but
dislocations can occur even in the absence of fractures. Conventional imaging often struggles to detect dislocations, par-
ticularly in the incudomalleolar joint, whereas PCCT excels in identifying even minor dislocations with higher precision.
The three-dimensional reconstruction capability further enhances the assessment of incudomalleolar and incudostapedial
joints from various perspectives, improving diagnostic accuracy[37-39].

A study evaluating PCCT highlighted its potential for enhanced postoperative cochlear implantation imaging, which
was shown by the fact that PCCT achieved higher interelectrode wire visibility (81.5%) compared to EID CT (EID-CT,
67.9%; P < 0.001)[40]. Additionally, PCCT provided more accurate measurements of electrode contact diameters, closer to
the gold standard. No significant differences were observed in halo artifact diameters between the two modalities. While
promising, the study’s small sample size and use of cadaveric specimens necessitate further research to validate these
findings and optimize imaging settings[40].
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Figure 6 Axial high-resolution computed tomography image of the right temporal bone. On the photon-counting computed tomography image on
the right is clearly evident a focus of otospongiosis that cannot be clearly identified on the traditional computed tomography image on the left. Visualized in the form of
a hypodense demineralized otosclerotic plaque is noted in the fissula ante fenestram.

TECHNICAL CHALLENGES

PCCT in neuroimaging faces several limitations that impact its clinical utility. Protocol optimization remains a challenge,
as PCCT systems introduce additional complexity with adjustable bin thresholds, increasing the risk of errors that may
necessitate rescans[41]. Unlike conventional CT, PCCT lacks integrated artificial intelligence-based noise reduction
algorithms, which are critical for achieving both high resolution and low dose imaging[42]. Furthermore, PCCT generates
significantly larger data volumes - estimated at 2-35 times higher than conventional CT - complicating storage, inter-
pretation, and workflow management[3,43]. The quality of monoenergetic reformats in commercially available PCCT
systems is inferior to dual-energy CT in key image quality parameters, and persistent artifacts below the calvarium and in
the posterior fossa further diminish diagnostic reliability[44]. Additionally, PCCT systems currently offer fewer spectral
outputs (four) compared to spectral CT systems (ten), limiting their analytical potential in applications such as proton
therapy planning[3]. These challenges underscore the need for technological advancements to fully realize PCCT’s
potential in neuroimaging.

FUTURE DIRECTIONS AND CLINICAL OUTLOOK

PCCT’s primary advantages - namely ultra-high spatial resolution, spectral quantification, and reduced radiation
exposure - position it as a transformative modality for neurological imaging. Future development will likely focus on
integrating artificial intelligence for noise suppression and automated spectral decomposition, expanding applications in
perfusion and functional neuroimaging, and enhancing vendor interoperability. The next phase of PCCT adoption will
depend on protocol standardization, cross-vendor calibration, and outcome-based validation in large patient cohorts.

CONCLUSION

PCCT marks a significant step forward in neuroimaging, delivering superior image quality, advanced spectral imaging,
and reduced artifacts compared to traditional CT modalities. Its potential to improve the diagnosis of complex neuro-
logical conditions such as vascular abnormalities, CSF leaks, and acute ischemic strokes is evident from emerging studies
(Table 2). Despite these advancements, technical challenges such as protocol optimization, data management, and noise
reduction must be addressed to enable widespread clinical implementation. Future developments, including the
integration of artificial intelligence algorithms and enhanced hardware designs, will be critical to overcoming current
limitations. With continued innovation, PCCT is poised to become a cornerstone of neuroimaging, offering unparalleled
diagnostic insights and patient care.

Table 2 Summary of established clinical neuroimaging applications of photon-counting computed tomography, along with the key

properties of photon-counting computed tomography that provide benefits over conventional computed tomography

Clinical application Key properties of PCCT Advantages in neurology
Neurovascular imaging High spatial resolution, reduction of blooming artifacts, Improved evaluation of tiny intracranial vessels, arterial
enhanced visualization of stents and metallic implants stenoses, and vascular stents; reduced artifacts near the skull
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base
Acute ischemic stroke Superior signal-to-noise ratio, enhanced grey-white Early detection of ischemic changes, differentiation of
matter contrast hemorrhage from contrast media
Spinal CSF leaks and fistulas Enhanced resolution, virtual monoenergetic imaging Precise detection of CSF leaks and venous fistulas, reduced

radiation exposure

Deep brain stimulation Ultra-high resolution, reduced noise, clear visualization ~ Accurate postoperative assessment of electrode placement

electrode imaging of segmented contacts and orientation

Middle and internal ear Superior in-plane resolution, thinner section thickness Enhanced visualization of ossicular chains, dislocations, and

pathologies cochlear implant positioning

Atherosclerotic plaque charac-  Material differentiation through spectral imaging Improved detection of rupture-prone plaques and assessment

terization of intraplaque hemorrhage and lipid content

Post-treatment monitoring High-resolution imaging, reduced blooming artifacts Detailed visualization of stent apposition, in-stent stenoses,

(Aneurysms and stents) and aneurysm occlusion devices

Cranial and spinal tumors Enhanced contrast-to-noise ratio, soft-tissue resolution Better delineation of tumor margins and detection of smaller
lesions

PCCT: Photon-counting computed tomography; CSF: Cerebrospinal fluid.
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Abstract

BACKGROUND

The topography between the common carotid artery (CA), internal CA, and
external CA (ECA) with the greater horn of the hyoid bone (GHHB) is of parti-
cular importance for anatomists, radiologists and neck surgeons.

AIM
To investigate these topographical relationships emphasizing anatomical classi-
fication, sexual dimorphism, and clinical significance.

METHODS

A retrospective study was performed on 224 computed tomography angio-
graphies from a cohort comprising 161 male and 63 female patients, with a mean
age of 63.2 years. Multiplanar and three-dimensional reconstructions were
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executed utilizing Horos software. The spatial relationships between the CA and
hyoid bone were categorized based on the 12-type classification system delineated
by Manta et al in 2023. The data were subsequently stratified by sex and laterality.

RESULTS

Type 0 (no arterial contact with the GHHB) was the most common configuration
(46.9%), followed by type VI (ECA lateral to GHHB, 23.9%) and type VIII (internal
CA and ECA lateral to GHHB, 13.2%). Bilateral symmetry was present in 54.02%
of cases, mainly in males. Statistically significant sex-based differences were found
(P = 0.012), while laterality was not significant (P = 0.779).

CONCLUSION

Carotid-hyoid topography displays significant anatomical variation with clini-
cally essential patterns. Non-null variants, such as types VI and VIII, may increase
the risk of dynamic carotid compression, especially in younger patients with
cryptogenic cerebrovascular symptoms. Recognizing these variants during
preoperative imaging is crucial to minimize surgical risk and inform patient care.

Key Words: External carotid artery; Internal carotid artery; Hyoid bone; Topography;
Variation

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The spatial relationship between the hyoid bone and carotid arteries is highly
variable and may predispose patients to vascular compression, stroke, or surgical com-
plications. This retrospective computed tomography angiography-based study of 224
patients highlights common topographical variants, their sex-related distribution, and
clinical implications. Recognition of these carotid-hyoid configurations in pre-operative
imaging can aid in preventing iatrogenic injury, improving diagnosis in cryptogenic
cerebrovascular events, and guiding safer surgical planning.

Citation: Karangeli N, Triantafyllou G, Papadopoulos-Manolarakis P, Arkoudis NA, Velonakis
G, Samolis A, Piagkou M. Variations in the spatial relationship between the hyoid bone and the
carotid arteries and their clinical significance. World J Radiol 2025; 17(11): 113153

URL: https://www.wjgnet.com/1949-8470/full/v17/i11/113153.htm

DOI: https://dx.doi.org/10.4329/wjr.v17.i11.113153

INTRODUCTION

A complex interplay of muscular, skeletal, and neurovascular elements defines the
anatomy of the head and neck. Among these, the vascular structures exhibit consid-
erable morphological and topographical variability, often with critical implications
during diagnostic assessments and surgical interventions[1-6].

The common carotid artery (CCA) bifurcates into the internal carotid artery (ICA)
and the external carotid artery (ECA), typically around the C3-C5 vertebral levels.
However, this variation can be significant across individuals[7]. The ECA supplies the
extracranial tissues of the head and neck, whereas the ICA predominantly serves
intracranial structures, including cerebral circulation[8].

During their cervical course, the ICA and ECA exhibit distinct spatial relationships
with bony landmarks, including the hyoid bone (HB), styloid process, and mandible.
These relationships are not merely anatomical curiosities - they carry potential clinical
consequences. Positional anomalies can contribute to vascular compression, altered
hemodynamics, or surgical hazards during procedures in the parapharyngeal,
retropharyngeal, or suprahyoid spaces[2,9-11]. However, the current literature lacks
anatomical classifications and clear linking to clinical symptoms.

Our previous study, based on 100 computed tomography angiography cases, dem-
onstrated that while HB often lies close to carotid arteries (CAs), its morphometric
parameters (e.g., horn length or angle) did not significantly influence arterial pos-
itioning[12]. However, given the increasing reports of functional carotid compression
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by the HB in cases of transient ischemic attack (TIA) or unexplained cerebrovascular symptoms[13-15], further invest-
igation in a larger cohort is warranted.

The objective of this radioanatomical study was to examine the topographical relationship between the CAs and the
HB in a significantly larger dataset, with a focus on variant classification, sex differences, and potential clinical relevance.

MATERIALS AND METHODS

This retrospective study analyzed 224 computed tomography angiography scans archived at the General Hospital of
Nikaia-Piraeus, following approval by the institutional ethics committee, approval No. 56485. The sample consisted of
224 patients (161 males and 63 females), aged 20 years to 89 years (mean age, 63.2 years). All scans were acquired using a
128-slice SOMATOM go. Top scanner (Siemens Healthineers), with patients positioned supine and the head in a neutral
alignment. A 30% iodine-based contrast medium (60 mL) was administered intravenously at a rate of 4.0-4.5 mL/second.
Inclusion criteria were excellent quality of the scan, without pathological processes distorting the anatomy of the area.
Scans exhibiting inadequate image quality or anatomical distortion due to pathology (e.g., tumor, trauma, congenital
malformations) were excluded, as per the exclusion criteria defined in previous studies[9]. Image processing and analysis
were performed using Horos software (Horos Project). Each dataset was reviewed in axial, coronal, and sagittal planes,
with additional three-dimensional reconstructions generated for enhanced anatomical assessment.

The carotid bifurcation (CB) was first classified as either suprahyoid or infrahyoid, based on its vertical relation to the
greater horn of the HB (GHHB) observed in sagittal views. Subsequently, the topographical relationships between the Cas
- CCA, ICA, and ECA - and the GHHB were assessed in axial and 3D views. These spatial configurations were cate-
gorized using the twelve-type classification system introduced by Manta ef al[2]. This system includes types 0 through
XII, describing whether arteries pass medial, lateral, or posterior to the GHHB, or have no contact (null Type 0). Each type
reflects distinct topographical variants that may influence clinical outcomes and surgical planning.

Demographic and anatomical data were stratified by side (left vs right) and sex (male vs female). Categorical variables
were analyzed using the ¥ test for unpaired comparisons and McNemar's test for paired variables. All statistical analyses
were conducted using IBM SPSS Statistics for macOS, Version 29 (IBM Corp., Armonk, NY, United States), with a P value
< 0.05 considered statistically significant.

RESULTS

Among the 448 heminecks evaluated (224 patients), 46.9% demonstrated no direct spatial relationship between the CAs
and the HB (type 0). All the observed relationships are presented in Figures 1, 2, 3, 4, 5, 6, and 7. The most common non-
null configuration was type VI, in which the ECA was lateral to the GHHB, observed in 23.9% of sides (Figure 3). This
was followed by type VIII (both ICA and ECA lateral to the GHHB) in 13.2% (Figure 5), and type IX (ICA medial to the
GHHB) in 10% (Figure 6). Less frequent configurations included type X (CB lateral to GHHB, 3.6%) (Figure 7), type XI
(ECA lateral, ICA medial, 1.1%) (Figure 2), type I (ECA medial, 0.4%) (Figure 1), type XII (ECA medial, ICA lateral, 0.4%)
(Figure 4), and type IV (CCA medial, 0.2%) (Figure 2). Types II, III, V, and VII were not observed in this cohort (Table 1).

Sex- and side-specific distributions depicted the following results: No significant association was found with side
laterality (McNemar’s test, P = 0.779); however, sex-based differences were significant ()2 test, P = 0.012). Males showed
higher frequencies of types I, VI, and VIII, whereas females were more likely to present with types 0, IV, and IX through
XIL

Analysis of bilateral symmetry revealed that 121 patients (54.02%) exhibited symmetrical carotid-hyoid topography.
The most frequent symmetric configuration was bilateral type 0 (70 cases), followed by type VI (31 cases), type VIII (10
cases), type IX (9 cases), and type X (1 case). No bilateral cases were observed for the other configurations.

Bilateral symmetry was notably more common among males. Of the 70 bilateral null-type cases, 46 were male.
Similarly, 25 of 31 type VI, 9 of 10 type VIII, and 7 of 9 type IX symmetric cases occurred in male patients. The single
bilateral type X case was also male. No bilateral instances of types I, IV, XI, or XII were identified.

DISCUSSION

When comparing our findings with those reported by Manta et al[2], several notable differences and similarities become
apparent. The proportion of null cases in our sample was lower (46.9%) compared to that reported by Manta et al[2]
(57.14%), indicating possible variations in population anatomy, imaging protocols, or classification criteria. Both studies
identified type VI as the most common anatomical pattern. However, differences emerged, such as the higher frequency
of type VIII in our cohort vs its lower ranking in Manta et al[2] dataset. Conversely, types II, III, and V - found in Manta et
al[2] study - were not observed in our analysis (Figure 8). These differences may be due to ethnic, geographical, or
methodological factors and deserve further investigation across multiple centers (Table 2).

Sexual dimorphism became a significant factor. Our data revealed statistical differences between male and female
distributions, which partially align with Manta et al’s report[2]. The female predominance in types IV, X, and XI, and male
dominance in types I, VI, and VIII, support the idea that sex influences vascular topography. However, these sex-related
results should be taken into careful consideration due to the sex imbalance of our sample. These patterns suggest
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Table 1 The topographical types are categorized by sides and sexes, n (%)

Topographical types Total Left Right P value Female Male P value
Type 0 210 (46.9) 107 103 0.779 69 141 0.012°
Type 2(0.4) 0 2 0 2

TypeII 0(0) 0 0 0 0

Type III 0(0) 0 0 0 0

Type IV 1(0.2) 0 1 1 0

Type V 0(0) 0 0 0 0

Type VI 107 (23.9) 50 57 29 78

Type VII 1(0.2) 0 1 0 1

Type VIII 59 (13.2) 28 31 12 47

Type IX 45 (10) 24 21 7 38

Type X 16 (3.6) 10 6 4 12

Type XI 5(1.1) 3 2 3 2

Type XII 2(0.4) 2 0 1 1

P value < 0.05, statistically significant result.
The topographical types, as classified by Manta et al[2], are categorized by sides and sexes.

3D reconstruction of type I (right) Axial section of type I (right)

Figure 1 Type | spatial configuration (right-sided). A: 3D volume rendering shows the external carotid artery medial to the greater horn of the hyoid bone,
while the internal carotid artery remains lateral; B: Corresponding axial computed tomography angiography slice confirming the same relationship. ECA: External
carotid artery; GHHB: Greater horn of the hyoid bone; HB: Hyoid bone; ICA: Internal carotid artery.

hormonal, developmental, or biomechanical effects and require further targeted biomechanical and morphometric
research.

We reviewed the current literature for clinical references to carotid-hyoid relationships (Table 2). Several case reports
within the existing literature have described a spectrum of carotid-hyoid topographical variants, underscoring both the
anatomical intricacy and the potential clinical ramifications of these configurations. Within the reviewed bibliography,
documented clinical cases have included two instances of type II, two of type IV, six of type VIII, one of type IX, two of
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Table 2 A summary of the observed types, classification, comparison with the previous study and comments about the clinical

significance

Topographical ~ Anatomical Current  Manta et
N Comments
types relationship study all2]
Type 0 Carotid arteries posterior ~ 46.9% 57.14% Null type
to the tip of the GHHB
Typel ECA medial to GHHB 0.4% 0.34% Low clinical penetrance, hemodynamically not significant carotid artery
compression
Type Il ICA medial to GHHB 0% 0.34% Low clinical penetrance, associated with reported cases of TIAs in systemic
prothrombotic conditions or repetitive mechanical neck stress situations
Type III Both ICA and ECA medial 0% 1.02% Low clinical penetrance, hemodynamically not significant carotid artery
to GHHB compression
Type IV CCA medial to GHHB 0.2% 1.02% Low clinical penetrance, associated with neurological deficits contralateral to
the affected vessel in elderly patients
Type V CB medial to GHHB 0% 0.34% Low clinical penetrance, hemodynamically not significant carotid artery
compression
Type VI ECA lateral to GHHB 23.9% 20.41% High anatomical prevalence, not implicated in any reported cases of TIA or
stroke
Type VII ICA lateral to GHHB 0.2% 0% Low clinical penetrance, hemodynamically not significant carotid artery
compression
Type VIII Both ICA and ECA lateral  13.2% 3.74% High clinical penetrance, associated with significant neurological sympto-
to GHHB matology, including hemiparesis, hemiplegia, aphasia, cervical pain, and loss
of somatosensory function
Type IX CCA lateral to GHHB 10% 8.5% Low clinical penetrance, associated with the formation of a carotid pseudoan-
eurysm
Type X CB lateral to GHHB 3.6% 6.46% Low clinical penetrance, associated with the dissection of a carotid pseudoan-
eurysm
Type XI ICA medial and ECA 1.1% 0.34% High clinical penetrance, involving cases of cryptogenic strokes or unexplained
lateral to GHHB TIAs in younger patients
Type XII ECA medial and ICA 0.4% 0.34% Low clinical penetrance, associated with neurological deficits contralateral to
lateral to GHHB the affected vessel in elderly patients

ECA: External carotid artery; ICA: Internal carotid artery; CCA: Common carotid artery; GHHB: Greater horn of the hyoid bone; CB: Carotid bifurcation;
TIAs: Transient ischemic attack.

type X, eight of type XI, and one of type XII, as per the classification system[13,14,16-33]. Strikingly, the majority of these
cases involved young patients who presented with TIA in the absence of traditional cardiovascular or systemic risk
factors, thereby prompting detailed vascular imaging and subsequent identification of atypical carotid-hyoid spatial
relationships as potential etiological contributors. The reported TIA symptomatology commonly included hemiparesis
affecting the ipsilateral upper and lower limbs, leading clinicians to consider mechanical or dynamic extrinsic arterial
compromise in the differential diagnosis[24,31].

Notably, types I, III, V, VI, and VII have not been documented in any clinical case reports to date. This absence may be
indicative of low clinical penetrance, or may alternatively reflect a diminished propensity of these configurations to
induce hemodynamically significant CA compression. However, the possibility of subclinical or context-dependent risk
cannot be excluded, and warrants further investigation - particularly under dynamic conditions such as cervical rotation,
swallowing, or phonation.

Of particular interest is type VI, which emerged as the most frequently encountered non-null configuration in both our
dataset and that of Manta et al[2]. Despite its high anatomical prevalence, type VI has not been implicated in any reported
cases of TIA or stroke, suggesting that this configuration may be inherently benign with respect to cerebrovascular
compromise. One possible explanation for the clinical silence of type VI is that the lateral positioning of the ECA relative
to the HB places it at lower risk of compression during swallowing or cervical motion, compared to medial or combined
medial-lateral configurations. This apparent paradox between anatomical frequency and clinical silence raises important
considerations regarding the threshold at which spatial proximity translates into pathological interaction, and highlights
the need for functional imaging studies and longitudinal clinical correlation to distinguish anatomical variants of no
consequence from those with latent pathogenic potential[2].

In the context of type II carotid-hyoid configurations, where the ICA lies medial to the GHHB, both published case
reports to date involve young female patients, highlighting a possible sex- and age-related anatomical susceptibility[16,
17]. Tokunaga et al[17] reported a patient with transient left hemiparesis and ipsilateral sensory disturbance, in the setting
of underlying Sjogren’s syndrome. Dynamic carotid ultrasonography revealed positional displacement of the right ICA,
with significant shifts observed during head rotation and deglutition, implicating a mechanical interaction between the

WIR | https://www.wjgnet.com 5 November 28,2025 | Volumel17 | Issuell |

Jaishideng®



Karangeli N ef al. HB and CA variations

3D reconstruction of type IV (right) B  Axial section of type IV (right)
and type XI (left) and type XI (left)

GHHB

GHHB

Figure 2 Type IV (right) and type XI (left) configuration. A: 3D reconstruction shows the right common carotid artery positioned medial to the greater horn of
hyoid bone (type IV) and the left external carotid artery lateral with internal carotid artery medial to greater horn of hyoid bone (type XI); B: Axial computed
tomography images confirm the asymmetric carotid-hyoid relationships. ICA: Internal carotid artery; ECA: External carotid artery; CCA: Common carotid artery;
GHHB: Greater horn of hyoid bone; HB: Hyoid bone.

HB and the CA. In a separate report, Kho et al[16] described a young female patient who, in addition to transient
hemiparesis and sensory deficits, exhibited dysphagia. Following vascular imaging, the aberrant medial positioning of
the ICA relative to the HB was identified. Notably, symptom onset was temporally associated with a behavioral habit of
frequent, rapid side-to-side cervical movements described as “neck clicking”. This repetitive mechanical motion likely
exacerbated dynamic ICA compression, resulting in neurological symptoms attributable to transient arterial insufficiency
or microembolism. Together, these cases underscore the clinical relevance of type II configurations, particularly when
compounded by systemic prothrombotic conditions or repetitive mechanical neck stress, and suggest that even anatom-
ically rare variants may have significant cerebrovascular implications under specific dynamic or behavioral circum-
stances.

In cases of type IV carotid-hyoid configuration, wherein the CCA is positioned medially to the GHHB, the literature
documents two clinically significant cases, both involving 70-year-old individuals who presented with neurological
deficits contralateral to the affected vessel, and in both instances, pathology was localized to the right CCA[13,18]. In the
first case, the patient exhibited mild left-sided hemiparesis with preserved sensory function but demonstrated disori-
entation to place, attributed to a 90% stenosis of the right CCA[18]. In the second report, the patient presented with left-
sided hemiplegia accompanied by motor aphasia. Imaging revealed an unstable atherosclerotic plaque within the right
CCA, presumed to be the source of embolic eve. These cases suggest that the type IV anatomical configuration may
predispose the CCA to mechanical stress or compression, potentially contributing to plaque instability and subsequent
cerebrovascular ischemia. Although direct causality remains speculative, the medial displacement of the CCA relative to
the hyoid apparatus may represent a contributory factor in cases of otherwise unexplained common carotid pathology,
particularly in elderly patients[13,18].

In the context of type VIII carotid-hyoid configuration, where both the external and internal CAs (ECA and ICA,
respectively) are positioned lateral to the GHHB, multiple case reports have documented significant neurological sympto-
matology, including hemiparesis, hemiplegia, aphasia, cervical pain, and loss of somatosensory function. These events
are frequently attributed to TIAs, potentially precipitated by dynamic vascular compression during cervical movement or
elevated intrathoracic pressure[19,23]. Behavioral and lifestyle factors appear to play a contributory role in some of these
cases. Notably, activities such as heavy weightlifting and golfing - which involve abrupt or repetitive cervical rotation
and strain - have been associated with the onset of TIA symptoms in patients exhibiting type VIII anatomy[20,22]. In one
case, the ICA entrapment observed in conjunction with type VIII was exacerbated by both an elongated GHHB and a
coexisting elongated styloid process, although the styloid-hyoid complex appeared to be the principal mechanical factor
in arterial compromise[20]. In our study, type VIII was observed in 13.2% of cases, making it one of the most prevalent
non-null configurations. Given both its relatively high frequency in the general population and its documented
association with symptomatic cases in the literature, this variant should raise clinical caution, especially in patients
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Figure 3 Type VI bilateral configuration. A: 3D reconstruction shows the external carotid arteries bilaterally lateral to the greater horn of hyoid bone; B: The
axial view demonstrates the symmetry of this type VI pattern. ICA: Internal carotid artery; ECA: External carotid artery; GHHB: Greater horn of hyoid bone; HB: Hyoid
bone.

3D reconstruction of type VII (right) Axial section of type VII (right)
and type XII (left) and type XII (left)

—

GHHB

Figure 4 Type VII (right) and type XII (left). A: The 3D rendering reveals that the right external carotid artery and internal carotid artery are both located lateral
to the greater horn of hyoid bone (type VII), whereas on the left, the external carotid artery is medial, and the internal carotid artery is lateral to the greater horn of
hyoid bone (type XlI); B: Axial computed tomography confirms the described relationships. ICA: Internal carotid artery; ECA: External carotid artery; GHHB: Greater
horn of hyoid bone; HB: Hyoid bone.
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B
Axial section of type VIII (bilateral)

GHHB GHHB

ECA ECA

Figure 5 Type VIII bilateral configuration. A: 3D volume-rendered image depicts both internal carotid artery and external carotid artery lateral to the greater
horn of hyoid bone bilaterally; B: Axial computed tomography angiography confirms this symmetric type VIII presentation. ICA: Internal carotid artery; ECA: External
carotid artery; GHHB: Greater horn of hyoid bone; HB: Hyoid bone.

3D reconstruction of type IX (bilateral)
Axial section of type IX
(bilateral)

GHHB

Figure 6 Type IX bilateral configuration. A: 3D reconstruction shows the internal carotid artery positioned medially to the greater horn of hyoid bone on both
sides; B: Axial computed tomography angiography illustrates bilateral type IX anatomy. ICA: Internal carotid artery; GHHB: Greater horn of hyoid bone; HB: Hyoid
bone; CCA: Common carotid artery.

presenting with unexplained cerebrovascular symptoms.

Schneider et al[25] reported a case of carotid pseudoaneurysm formation associated with a type IX carotid-hyoid
configuration, characterized by lateral displacement of the CCA relative to the GHHB. The patient was asymptomatic but
presented with a palpable cervical mass, prompting further vascular imaging. The investigation revealed that the chronic
mechanical irritation of the arterial wall - due to its close spatial relationship with the GHHB - had likely contributed to
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3D reconstruction of type X (bilateral) B Axial section of type X (bilateral)

Y 4

Figure 7 Type X bilateral configuration. A: 3D reconstruction demonstrating the carotid bifurcation located lateral to the greater horn of hyoid bone on both
sides; B: Axial view highlights bilateral type X relationship. CB: Carotid bifurcation; GHHB: Greater horn of hyoid bone; HB: Hyoid bone.

localized inflammation and subsequent pseudoaneurysm development. The patient’s history of heavy weightlifting was
identified as a potential exacerbating factor, amplifying repetitive microtrauma at the site of arterial-bony contact.

Type X carotid-hyoid configurations, in which the CB is positioned laterally to the GHHB, have been implicated in
clinically relevant vascular pathology. Ye et al[27] described a case involving a patient who presented with right-sided
hemiparesis, in whom imaging revealed two cystic lesions with internal calcifications and a pronounced spatial proximity
between the GHHB and the ICA. A dissecting aneurysm of the ICA was identified, which the authors attributed to
mechanical stress and chronic irritation associated with an elongated HB abutting the arterial wall[2].

Type XI carotid-hyoid configurations, characterized by the ECA positioned laterally and the ICA medially to the
GHHB, appear to be the most frequently represented anatomical variant in the published clinical literature concerning
TIAs. All reported cases have presented with classic focal neurological deficits[14,26,28-32]. Importantly, these cases span
a wide age range, with several involving young adults lacking conventional cardiovascular risk factors, thereby con-
tributing to the broader diagnostic framework of embolic stroke of undetermined source. One particularly illustrative
case involved a patient who, in addition to transient neurological symptoms, reported a chronic ipsilateral otalgia lasting
over two years, highlighting the possibility of atypical and prolonged prodromal symptoms in carotid-hyoid pathology.

Notably, in the majority of these reports, the CB was found to be situated lower than its typical anatomical location -
often at the C3-C4 vertebral level or below. Given both the frequency of type XI in symptomatic individuals and the
potential for recurrent or unexplained cerebrovascular events, this configuration warrants heightened clinical attention,
particularly in cases of cryptogenic stroke or unexplained TIAs in younger patients[14,31]. Keshelava et al[32] doc-
umented a case of type XII (ECA medial, ICA lateral) carotid-hyoid configuration, involving a 70-year-old female patient
who presented with left-sided hemiparesis. Management in this case consisted exclusively of anticoagulant therapy,
without surgical intervention.

A nuanced understanding of the medial vs lateral displacement of the CAs relative to the GHHB is essential for pre-
operative planning and intraoperative navigation, especially in anatomically complex or constrained surgical fields.
Variants classified as types I-V, where the CAs are positioned medial to the GHHB, are intimately related to the
parapharyngeal space. In such configurations, the ICA may lie immediately subjacent to the pharyngeal mucosa, dramat-
ically increasing the risk of iatrogenic vascular injury during procedures such as transoral biopsies, abscess drainage, or
resection of pharyngeal tumors - notably in anatomically sensitive regions like the pyriform[1-6]. Furthermore, in oto-
laryngological surgeries such as tonsillectomy, adenoidectomy, and soft palate repair, patients with medially displaced
carotid anatomy may be at elevated risk for catastrophic hemorrhage, pseudoaneurysm formation, or even airway
compromise if arterial injury occurs[1,34].

In contrast, types VI-X, characterized by lateral displacement of the carotid vessels, present a different set of challenges.
The close spatial relationship between the arteries and the sternocleidomastoid muscle, as well as deeper structures like
the posterior belly of the digastric and stylopharyngeus muscles, may lead to increased arterial compression during
dynamic head and neck motion and can complicate transcervical surgical approaches to parapharyngeal or retro-
pharyngeal tumors[1,34]. In procedures such as deep lobe parotidectomy or lateral pharyngeal wall access, these variants
necessitate heightened intraoperative caution to avoid unintentional vascular compromise. Types XI and XII are distin-
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Figure 8 Schematic representation of all topographical patterns between the external carotid artery, internal carotid artery or common
carotid artery with the hyoid bone. ICA: Internal carotid artery; ECA: External carotid artery; CCA: Common carotid artery; CB: Carotid bifurcation.

guished by the presence of arterial structures positioned both laterally and medially, thereby subjecting these variants to
a dual spectrum of associated vascular risks.

Finally, aberrant courses of the CAs should always be included in the differential diagnosis of submucosal oropha-
ryngeal masses and atypical pharyngeal presentations, particularly when imaging reveals unexpected vascular contours
or displacements. A comprehensive preoperative assessment, ideally including contrast-enhanced CT or MR
angiography, is essential in mitigating risks and optimizing outcomes in this anatomically vulnerable region[2,35].

The current study is limited by its moderate sample size and sex imbalance. Additionally, our findings are based on a
single-center cohort and may not apply universally. The sex imbalance could have affected our sample and the statist-
ically significant difference identified between female and male patients. Due to the retrospective and anatomical nature
of the present study, the patients” medical history was unknown. Future research should include larger, multicenter, and
demographically diverse groups. Incorporating dynamic imaging, functional testing, and long-term clinical follow-up
would help better define the accurate risk profile of each topographical variant, while biomechanical and genetic studies
will enhance our knowledge for sex- and nationality-based differences.

CONCLUSION

This study highlights the significant diversity of carotid-hyoid relationships and identifies specific spatial patterns with
clear clinical implications. Using the classification system of Manta et al[2], we confirmed that type VI is the most common
non-null variant; however, its apparent clinical silence contrasts with the pathological potential of less frequent configur-
ations, such as types VIII and XI, which have been linked to TIA s and other vascular complications. Our findings also
demonstrate pronounced sexual dimorphism and lateral asymmetry, highlighting the importance of personalized
anatomical assessment evaluation. Carotid variants that are displaced medially increase surgical risk, especially in
transoral and pharyngeal procedures, while lateralized types may lead to dynamic arterial compression or complicate
cervical access routes. Including carotid-hyoid topographical assessment in routine preoperative imaging and clinical
decision-making can help prevent iatrogenic injury, improve diagnostic accuracy in cryptogenic stroke, and enhance
surgical planning.

Buisnidenge VIR | ttps://www.wignet.com 10 November 28,2025 | Volumel17 | Issuell |



Karangeli N ef al. HB and CA variations

FOOTNOTES

Author contributions: Karangeli N was responsible for project development, data collection and management; Triantafyllou G
contributed to conceptualization; Karangeli N, Triantafyllou G, Papadopoulos-Manolarakis P, Arkoudis NA, Velonakis G, Samolis A,
and Piagkou M contributed to data analysis and manuscript writing; Maria Piagkou oversaw the project (supervision); Triantafyllou G
and Arkoudis NA they contributed equally to this article, they are the co-corresponding authors of this manuscript; and all authors
thoroughly reviewed and endorsed the final manuscript.

Institutional review board statement: This study was approved by the Medical Ethics Committee of General Hospital of Nikaia-Piraeus,
approval No. 56485.

Informed consent statement: Informed consent was obtained from the patients enrolled in the current study.
Conflict-of-interest statement: All the authors report no relevant conflicts of interest for this article.
Data sharing statement: All the data are available upon reasonable request to the authors.

Open Access: This article is an open-access article that was selected by an in-house editor and fully peer-reviewed by external reviewers.
It is distributed in accordance with the Creative Commons Attribution NonCommercial (CC BY-NC 4.0) license, which permits others to
distribute, remix, adapt, build upon this work non-commercially, and license their derivative works on different terms, provided the
original work is properly cited and the use is non-commercial. See: https:/ /creativecommons.org/ Licenses/by-nc/4.0/

Country of origin: Greece

ORCID number: Nektaria Karangeli 0009-0009-3251-2434; George Triantafyllou 0009-0001-0122-2436; Panagiotis Papadopoulos-Manolarakis
0009-0008-5662-8354; Nikolaos-Achilleas Arkoudis 0000-0002-0783-5700; Georgios Velonakis 0000-0002-0050-284X; Maria Piagkou 0000-0002-
4831-8005.

S-Editor: Bai Y
L-Editor: A
P-Editor: XuJ

REFERENCES

1 Paulsen F, Tillmann B, Christofides C, Richter W, Koebke J. Curving and looping of the internal carotid artery in relation to the pharynx:
frequency, embryology and clinical implications. J Anat 2000; 197 Pt 3: 373-381 [RCA] [PMID: 11117624 DOI:
10.1046/j.1469-7580.2000.19730373.x] [Full Text]

Manta MD, Rusu MC, Hostiuc S, Vrapciu AD, Manta BA, Jianu AM. The Carotid-Hyoid Topography Is Variable. Medicina (Kaunas) 2023;

59: 1494 [RCA] [PMID: 37629784 DOI: 10.3390/medicina59081494] [Full Text] [Full Text(PDF)]

3 Rusu MC, Tudose RC, Vrapciu AD, Popescu SA. Lowered hyoid bone overlapping the thyroid cartilage in CT angiograms. Surg Radiol Anat
2024; 46: 333-339 [RCA] [PMID: 38315210 DOI: 10.1007/s00276-024-03300-5] [Full Text]

4 Dumitru CC, Vrapciu AD, Jianu AM, Hostiuc S, Rusu MC. The retromandibular loop of the external carotid artery. Ann Anat 2024; 253:
152226 [RCA] [PMID: 38331006 DOI: 10.1016/j.aanat.2024.152226] [FullText]

5 Triantafyllou G, Paschopoulos I, Duparc F, Tsakotos G, Tsiouris C, Olewnik £, Georgiev G, Zielinska N, Piagkou M. The superior thyroid
artery origin pattern: A systematic review with meta-analysis 2024 Preprint. Available from: bioRxiv: 10.21203/rs.3.rs-4557932/v1 [DOI:
10.21203/rs.3.rs-4557932/v1] [FullText]

6 Triantafyllou G, Vassiou K, Duparc F, Vlychou M, Paschopoulos I, Tsakotos G, Tudose RC, Rusu MC, Piagkou M. The lingual and facial
arteries' common origin: a systematic review with meta-analysis and a computed tomography angiography study. Surg Radiol Anat 2024; 46:
1937-1947 [RCA] [PMID: 39331140 DOTI: 10.1007/s00276-024-03490-y] [Full Text]

7 Manta MD, Rusu MC, Hostiuc S, Tudose RC, Manta BA, Jianu AM. The vertical topography of the carotid bifurcation - original study and
review. Surg Radiol Anat 2024; 46: 1253-1263 [RCA] [PMID: 38847826 DOI: 10.1007/s00276-024-03404-y] [FullText] [Full Text(PDF)]

8 Standring S, Anand N, Birch R, Collins P, Crossman A, Gleeson M, Jawaheer G, Smith A, Spratt J, Stringer M, Tubbs S, Tunstall R, Wein A,
Wigley C. Gray's Anatomy: the anatomical basis of clinical practice. 41st ed. London: Elsevier, 2015

)

9 Karangeli N, Triantafyllou G, Duparc F, Vassiou K, Vlychou M, Tsakotos G, Piagkou M. Retrostyloid and retromandibular courses of the
external carotid artery. Surg Radiol Anat 2024; 47: 23 [RCA] [PMID: 39652124 DOL: 10.1007/s00276-024-03546-z] [FullText]

10 Triantafyllou G, Botis G, Vassiou K, Vlychou M, Tsakotos G, Kalamatianos T, Matsopoulos G, Piagkou M. The styloid process length and
the stylohyoid chain ossification affect its relationship with the carotid arteries. Ann Anat 2025; 257: 152342 [RCA] [PMID: 39341465 DOI:
10.1016/j.aanat.2024.152342] [Full Text]

11 Triantafyllou G, Papadopoulos-Manolarakis P, Vassiou K, Vlychou M, Karangeli N, Papanagiotou P, Tsakotos G, Piagkou M. The impact of
the styloid process angulation on the carotid arteries. Ann Anar 2025; 258: 152378 [RCA] [PMID: 39818238 DOI:
10.1016/j.aanat.2025.152378] [Full Text]

12 Karangeli N, Triantafyllou G, Papadopoulos-Manolarakis P, Tsakotos G, Vassiou K, Vlychou M, Papanagiotou P, Piagkou M. The
Anatomical Relationship Between the Hyoid Bone and the Carotid Arteries. Diagnostics (Basel) 2025; 15: 1485 [RCA] [PMID: 40564806 DOI:
10.3390/diagnostics15121485] [FullText] [Full Text(PDF)]

13 Suematsu T, Kawabata S, Nishikawa Y, Hirai N, Nakamura M, Terada E, Kajikawa R, Tsuzuki T. Mechanical compression of the carotid
artery by the pharynx in the retropharyngeal space during swallowing and the induction of stenosis and embolic stroke: illustrative case. J
Neurosurg Case Lessons 2024; 8: CASE2483 [RCA] [PMID: 39102751 DOI: 10.3171/CASE2483] [Full Text]

WIR | https://www.wjgnet.com 11 November 28,2025 | Volumel17 | Issuell |

Jaishideng®


https://creativecommons.org/Licenses/by-nc/4.0/
http://orcid.org/0009-0009-3251-2434
http://orcid.org/0009-0009-3251-2434
http://orcid.org/0009-0001-0122-2436
http://orcid.org/0009-0001-0122-2436
http://orcid.org/0009-0008-5662-8354
http://orcid.org/0009-0008-5662-8354
http://orcid.org/0000-0002-0783-5700
http://orcid.org/0000-0002-0783-5700
http://orcid.org/0000-0002-0050-284X
http://orcid.org/0000-0002-0050-284X
http://orcid.org/0000-0002-4831-8005
http://orcid.org/0000-0002-4831-8005
http://orcid.org/0000-0002-4831-8005
https://referencecitationanalysis.com/InCiteJournalInfo?id=12295
https://referencecitationanalysis.com/articles?id=10.1046%2fj.1469-7580.2000.19730373.x
http://www.ncbi.nlm.nih.gov/pubmed/11117624
https://dx.doi.org/10.1046/j.1469-7580.2000.19730373.x
https://dx.doi.org/10.1046/j.1469-7580.2000.19730373.x
https://dx.doi.org/10.1046/j.1469-7580.2000.19730373.x
https://referencecitationanalysis.com/articles?id=10.3390%2fmedicina59081494
http://www.ncbi.nlm.nih.gov/pubmed/37629784
https://dx.doi.org/10.3390/medicina59081494
https://dx.doi.org/10.3390/medicina59081494
https://dx.doi.org/10.3390/medicina59081494
https://rcastoragev2.blob.core.windows.net/83aa10aaca71304f1427c0a76083ac3d/medicina-59-01494.pdf
https://rcastoragev2.blob.core.windows.net/83aa10aaca71304f1427c0a76083ac3d/medicina-59-01494.pdf
https://rcastoragev2.blob.core.windows.net/83aa10aaca71304f1427c0a76083ac3d/medicina-59-01494.pdf
https://referencecitationanalysis.com/InCiteJournalInfo?id=21663
https://referencecitationanalysis.com/articles?id=10.1007%2fs00276-024-03300-5
http://www.ncbi.nlm.nih.gov/pubmed/38315210
https://dx.doi.org/10.1007/s00276-024-03300-5
https://dx.doi.org/10.1007/s00276-024-03300-5
https://dx.doi.org/10.1007/s00276-024-03300-5
https://referencecitationanalysis.com/InCiteJournalInfo?id=169192
https://referencecitationanalysis.com/articles?id=10.1016%2fj.aanat.2024.152226
http://www.ncbi.nlm.nih.gov/pubmed/38331006
https://dx.doi.org/10.1016/j.aanat.2024.152226
https://dx.doi.org/10.1016/j.aanat.2024.152226
https://dx.doi.org/10.1016/j.aanat.2024.152226
https://dx.doi.org/10.21203/rs.3.rs-4557932/v1
https://dx.doi.org/10.21203/rs.3.rs-4557932/v1
https://dx.doi.org/10.21203/rs.3.rs-4557932/v1
https://referencecitationanalysis.com/InCiteJournalInfo?id=21663
https://referencecitationanalysis.com/articles?id=10.1007%2fs00276-024-03490-y
http://www.ncbi.nlm.nih.gov/pubmed/39331140
https://dx.doi.org/10.1007/s00276-024-03490-y
https://dx.doi.org/10.1007/s00276-024-03490-y
https://dx.doi.org/10.1007/s00276-024-03490-y
https://referencecitationanalysis.com/InCiteJournalInfo?id=21663
https://referencecitationanalysis.com/articles?id=10.1007%2fs00276-024-03404-y
http://www.ncbi.nlm.nih.gov/pubmed/38847826
https://dx.doi.org/10.1007/s00276-024-03404-y
https://dx.doi.org/10.1007/s00276-024-03404-y
https://dx.doi.org/10.1007/s00276-024-03404-y
https://rcastoragev2.blob.core.windows.net/710c9f446d73db2e8e7d75b12a6fd43e/276_2024_Article_3404.pdf
https://rcastoragev2.blob.core.windows.net/710c9f446d73db2e8e7d75b12a6fd43e/276_2024_Article_3404.pdf
https://rcastoragev2.blob.core.windows.net/710c9f446d73db2e8e7d75b12a6fd43e/276_2024_Article_3404.pdf
https://referencecitationanalysis.com/InCiteJournalInfo?id=21663
https://referencecitationanalysis.com/articles?id=10.1007%2fs00276-024-03546-z
http://www.ncbi.nlm.nih.gov/pubmed/39652124
https://dx.doi.org/10.1007/s00276-024-03546-z
https://dx.doi.org/10.1007/s00276-024-03546-z
https://dx.doi.org/10.1007/s00276-024-03546-z
https://referencecitationanalysis.com/InCiteJournalInfo?id=169192
https://referencecitationanalysis.com/articles?id=10.1016%2fj.aanat.2024.152342
http://www.ncbi.nlm.nih.gov/pubmed/39341465
https://dx.doi.org/10.1016/j.aanat.2024.152342
https://dx.doi.org/10.1016/j.aanat.2024.152342
https://dx.doi.org/10.1016/j.aanat.2024.152342
https://referencecitationanalysis.com/InCiteJournalInfo?id=169192
https://referencecitationanalysis.com/articles?id=10.1016%2fj.aanat.2025.152378
http://www.ncbi.nlm.nih.gov/pubmed/39818238
https://dx.doi.org/10.1016/j.aanat.2025.152378
https://dx.doi.org/10.1016/j.aanat.2025.152378
https://dx.doi.org/10.1016/j.aanat.2025.152378
https://referencecitationanalysis.com/InCiteJournalInfo?id=7766
https://referencecitationanalysis.com/articles?id=10.3390%2fdiagnostics15121485
http://www.ncbi.nlm.nih.gov/pubmed/40564806
https://dx.doi.org/10.3390/diagnostics15121485
https://dx.doi.org/10.3390/diagnostics15121485
https://dx.doi.org/10.3390/diagnostics15121485
https://rcastoragev2.blob.core.windows.net/0e503111eb80db9117d36dbc7b84fc6e/diagnostics-15-01485.pdf
https://rcastoragev2.blob.core.windows.net/0e503111eb80db9117d36dbc7b84fc6e/diagnostics-15-01485.pdf
https://rcastoragev2.blob.core.windows.net/0e503111eb80db9117d36dbc7b84fc6e/diagnostics-15-01485.pdf
https://referencecitationanalysis.com/articles?id=10.3171%2fcase2483
http://www.ncbi.nlm.nih.gov/pubmed/39102751
https://dx.doi.org/10.3171/CASE2483
https://dx.doi.org/10.3171/CASE2483
https://dx.doi.org/10.3171/CASE2483

Karangeli N ef al. HB and CA variations

28

29

30

(98]
W

Jaishideng®

Mutimer CA, Campbell BCV. Thromboembolism From Hyoid Bone-Related Direct Carotid Artery Compression. Stroke 2024; 55: e157-e158
[RCA] [PMID: 38629306 DOI: 10.1161/STROKEAHA.124.047098] [FullText]

Bouille F, De Malherbe M, Pico F. Ischemic Stroke Due to Compression of a Wandering Internal Carotid Artery by the Hyoid Bone. J41/4
Neurol 2025; 82: 303-304 [RCA] [PMID: 39899308 DOI: 10.1001/jamaneurol.2024.5028] [Full Text]

Kho LK, Bates TR, Thompson A, Dharsono F, Prentice D. Cerebral embolism and carotid-hyoid impingement syndrome. ./ C/in Neurosci
2019; 64: 27-29 [RCA] [PMID: 30987808 DOI: 10.1016/j.jocn.2019.03.040] [FullText]

Tokunaga K, Uehara T, Kanamaru H, Kataoka H, Saito K, Ishibashi-Ueda H, Shobatake R, Yamamoto Y, Toyoda K. Repetitive Artery-to-
Artery Embolism Caused by Dynamic Movement of the Internal Carotid Artery and Mechanical Stimulation by the Hyoid Bone. Circulation
2015; 132: 217-219 [RCA] [PMID: 26195490 DOL: 10.1161/CIRCULATIONAHA.114.015144] [Full Text]

Abdelaziz OS, Ogilvy CS, Lev M. Is there a potential role for hyoid bone compression in pathogenesis of carotid artery stenosis? Surg Neurol
1999; 51: 650-653 [RCA] [PMID: 10369234 DOIL: 10.1016/50090-3019(99)00022-1] [Full Text]

Mori M, Yamamoto H, Koga M, Okatsu H, Shono Y, Toyoda K, Fukuda K, Tihara K, Yamada N, Minematsu K. Hyoid bone compression-
induced repetitive occlusion and recanalization of the internal carotid artery in a patient with ipsilateral brain and retinal ischemia. Arch Neurol
2011; 68: 258-259 [RCA] [PMID: 21320995 DOI: 10.1001/archneurol.2010.371] [Full Text]

Renard D, Freitag C. Hyoid-related internal carotid artery dissection. ./ Newrol 2012; 259: 2501-2502 [RCA] [PMID: 22843137 DOI:
10.1007/s00415-012-6621-4] [FullText]

Renard D, Rougier M, Aichoun I, Labauge P. Hyoid bone-related focal carotid vasculopathy. J Neurol 2011; 258: 1540-1541 [RCA] [PMID:
21327849 DOI: 10.1007/s00415-011-5940-1] [FullText]

Hong JM, Kim TJ, Lee JS, Lee JS. Neurological picture. Repetitive internal carotid artery compression of the hyoid: a new mechanism of
golfer's stroke? J Neurol Neurosurg Psychiatry 2011; 82: 233-234 [RCA] [PMID: 20587482 DOI: 10.1136/jnnp.2010.213777] [Full Text]
Yukawa S, Yamamoto S, Hara H. Carotid artery dissection associated with an elongated hyoid bone. J Stroke Cerebrovasc Dis 2014; 23: e411-
e412 [RCA] [PMID: 25126696 DOI: 10.1016/j.jstrokecerebrovasdis.2014.04.006] [FullText]

Gonzalez Villaman CM, Dominguez Quindnez R, Castillo Espinal L. Internal carotid artery dissection associated with an elongated hyoid
bone in a patient with vascular Ehlers-Danlos syndrome. B/ Case Rep 2024; 17: 260764 [RCA] [PMID: 39153759 DOI:
10.1136/ber-2024-260764] [Full Text]

Schneider CG, Kortmann H. Pseudoaneurysm of the common carotid artery due to ongoing trauma from the hyoid bone. J Vasc Surg 2007,
45: 186-187 [RCA] [PMID: 17210407 DOL: 10.1016/j.jvs.2006.08.075] [Full Text]

Liu S, Nezami N, Dardik A, Nassiri N. Hyoid bone impingement contributing to symptomatic atherosclerosis of the carotid bifurcation. J Vasc
Surg Cases Innov Tech 2020; 6: 89-92 [RCA] [PMID: 32095663 DOI: 10.1016/j.jvscit.2020.01.001] [Full Text] [Full Text(PDF)]

Ye Q, Liu Y, Tang H, Zhou Q, Zhang H, Liu H. Hyoid bone compressioninduced carotid dissecting aneurysm: A case report. £xp Ther Med
2023; 26: 551 [RCA] [PMID: 37928507 DOI: 10.3892/etm.2023.12249] [Full Text] [Full Text(PDF)]

Kolbel T, Holst J, Lindh M, Mitzsch T. Carotid artery entrapment by the hyoid bone. J Vasc Surg 2008; 48: 1022-1024 [RCA] [PMID:
18992420 DOI: 10.1016/j.jvs.2008.04.062] [FullText]

Martinelli O, Fresilli M, Jabbour J, Di Girolamo A, Irace L. Internal Carotid Stenosis Associated with Compression by Hyoid Bone. Ann Vasc
Surg 2019; 58: 379.¢1-379.e3 [RCA] [PMID: 30684622 DOI: 10.1016/j.avsg.2018.09.043] [Full Text]

Plotkin A, Bartley MG, Bowser KE, Yi JA, Magee GA. Carotid Artery Entrapment by the Hyoid Bone-A Rare Cause of Recurrent Strokes in a
Young Patient. Ann Vasc Surg 2019; 57: 48.e7-48.e11 [RCA] [PMID: 30218829 DOI: 10.1016/j.avsg.2018.09.001] [FullText]

Bicevska K, Skrastina S, Kupcs K, Raita A, Balodis A. Functional Compression of the Right Internal Carotid Artery by the Hyoid Bone in a
Patient with Moyamoya Syndrome and Low Internal Carotid Artery Bifurcation: A Case Report. Vasc Health Risk Manag 2025; 21: 383-389
[RCA] [PMID: 40395490 DOL: 10.2147/VHRM.S520022] [Full Tex(] [Full Text(PDF)]

Keshelava G, Robakidze Z. Internal Carotid Artery Stenosis and Entrapment by the Hyoid Bone. Eur J Vasc Endovasc Surg 2024; 68: 422
[RCA] [PMID: 38583739 DOI: 10.1016/j.¢jvs.2024.03.043] [Full Text]

Keshelava G, Robakidze Z, Tsiklauri D. External Carotid Artery Entrapment by the Hyoid Bone Associated with an Atherosclerotic Stenosis
of the Internal Carotid Artery. Diseases 2024; 12: 258 [RCA] [PMID: 39452501 DOI: 10.3390/diseases12100258] [FullText]

Bernardes MND, Cascudo NCM, El Cheikh MR, Gongalves VF, Lamounier P, Ramos HVL, Costa CC. Aberrant common and internal carotid
arteries and their surgical implications: a case report. Braz J Otorhinolaryngol 2021; 87: 366-369 [RCA] [PMID: 33303416 DOI:
10.1016/j.bjorl.2020.10.008] [FullText] [Full Text(PDF)]

Baba A, Kurokawa R, Kayama R, Tsuneoka Y, Kurokawa M, Ota Y, Suzuki T, Yamauchi H, Matsushima S, Ojiri H. A rare case of positional
changes of carotid artery depicted within a single MR study and a wandering carotid artery depicted on a serial MR studies. Radiol Case Rep
2022; 17: 50-53 [RCA] [PMID: 34765059 DOT: 10.1016/j.radcr.2021.09.071] [Full Text] [Full Text(PDF)]

WIR | https://www.wjgnet.com 12 November 28,2025 | Volumel17 | Issuell |


https://referencecitationanalysis.com/InCiteJournalInfo?id=21570
https://referencecitationanalysis.com/articles?id=10.1161%2fstrokeaha.124.047098
http://www.ncbi.nlm.nih.gov/pubmed/38629306
https://dx.doi.org/10.1161/STROKEAHA.124.047098
https://dx.doi.org/10.1161/STROKEAHA.124.047098
https://dx.doi.org/10.1161/STROKEAHA.124.047098
https://referencecitationanalysis.com/InCiteJournalInfo?id=12155
https://referencecitationanalysis.com/InCiteJournalInfo?id=12155
https://referencecitationanalysis.com/articles?id=10.1001%2fjamaneurol.2024.5028
http://www.ncbi.nlm.nih.gov/pubmed/39899308
https://dx.doi.org/10.1001/jamaneurol.2024.5028
https://dx.doi.org/10.1001/jamaneurol.2024.5028
https://dx.doi.org/10.1001/jamaneurol.2024.5028
https://referencecitationanalysis.com/InCiteJournalInfo?id=169129
https://referencecitationanalysis.com/articles?id=10.1016%2fj.jocn.2019.03.040
http://www.ncbi.nlm.nih.gov/pubmed/30987808
https://dx.doi.org/10.1016/j.jocn.2019.03.040
https://dx.doi.org/10.1016/j.jocn.2019.03.040
https://dx.doi.org/10.1016/j.jocn.2019.03.040
https://referencecitationanalysis.com/InCiteJournalInfo?id=6389
https://referencecitationanalysis.com/articles?id=10.1161%2fcirculationaha.114.015144
http://www.ncbi.nlm.nih.gov/pubmed/26195490
https://dx.doi.org/10.1161/CIRCULATIONAHA.114.015144
https://dx.doi.org/10.1161/CIRCULATIONAHA.114.015144
https://dx.doi.org/10.1161/CIRCULATIONAHA.114.015144
https://referencecitationanalysis.com/articles?id=10.1016%2fs0090-3019(99)00022-1
http://www.ncbi.nlm.nih.gov/pubmed/10369234
https://dx.doi.org/10.1016/s0090-3019(99)00022-1
https://dx.doi.org/10.1016/s0090-3019(99)00022-1
https://dx.doi.org/10.1016/s0090-3019(99)00022-1
https://referencecitationanalysis.com/articles?id=10.1001%2farchneurol.2010.371
http://www.ncbi.nlm.nih.gov/pubmed/21320995
https://dx.doi.org/10.1001/archneurol.2010.371
https://dx.doi.org/10.1001/archneurol.2010.371
https://dx.doi.org/10.1001/archneurol.2010.371
https://referencecitationanalysis.com/InCiteJournalInfo?id=14710
https://referencecitationanalysis.com/articles?id=10.1007%2fs00415-012-6621-4
http://www.ncbi.nlm.nih.gov/pubmed/22843137
https://dx.doi.org/10.1007/s00415-012-6621-4
https://dx.doi.org/10.1007/s00415-012-6621-4
https://dx.doi.org/10.1007/s00415-012-6621-4
https://referencecitationanalysis.com/InCiteJournalInfo?id=14710
https://referencecitationanalysis.com/articles?id=10.1007%2fs00415-011-5940-1
http://www.ncbi.nlm.nih.gov/pubmed/21327849
https://dx.doi.org/10.1007/s00415-011-5940-1
https://dx.doi.org/10.1007/s00415-011-5940-1
https://dx.doi.org/10.1007/s00415-011-5940-1
https://referencecitationanalysis.com/InCiteJournalInfo?id=14711
https://referencecitationanalysis.com/articles?id=10.1136%2fjnnp.2010.213777
http://www.ncbi.nlm.nih.gov/pubmed/20587482
https://dx.doi.org/10.1136/jnnp.2010.213777
https://dx.doi.org/10.1136/jnnp.2010.213777
https://dx.doi.org/10.1136/jnnp.2010.213777
https://referencecitationanalysis.com/InCiteJournalInfo?id=169278
https://referencecitationanalysis.com/articles?id=10.1016%2fj.jstrokecerebrovasdis.2014.04.006
http://www.ncbi.nlm.nih.gov/pubmed/25126696
https://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2014.04.006
https://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2014.04.006
https://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2014.04.006
https://referencecitationanalysis.com/InCiteJournalInfo?id=3964
https://referencecitationanalysis.com/articles?id=10.1136%2fbcr-2024-260764
http://www.ncbi.nlm.nih.gov/pubmed/39153759
https://dx.doi.org/10.1136/bcr-2024-260764
https://dx.doi.org/10.1136/bcr-2024-260764
https://dx.doi.org/10.1136/bcr-2024-260764
https://referencecitationanalysis.com/InCiteJournalInfo?id=15707
https://referencecitationanalysis.com/articles?id=10.1016%2fj.jvs.2006.08.075
http://www.ncbi.nlm.nih.gov/pubmed/17210407
https://dx.doi.org/10.1016/j.jvs.2006.08.075
https://dx.doi.org/10.1016/j.jvs.2006.08.075
https://dx.doi.org/10.1016/j.jvs.2006.08.075
https://referencecitationanalysis.com/InCiteJournalInfo?id=171934
https://referencecitationanalysis.com/InCiteJournalInfo?id=171934
https://referencecitationanalysis.com/articles?id=10.1016%2fj.jvscit.2020.01.001
http://www.ncbi.nlm.nih.gov/pubmed/32095663
https://dx.doi.org/10.1016/j.jvscit.2020.01.001
https://dx.doi.org/10.1016/j.jvscit.2020.01.001
https://dx.doi.org/10.1016/j.jvscit.2020.01.001
https://rcastoragev2.blob.core.windows.net/f706a971b6c32df609a94abf9090e6ee/PMC7033462.pdf
https://rcastoragev2.blob.core.windows.net/f706a971b6c32df609a94abf9090e6ee/PMC7033462.pdf
https://rcastoragev2.blob.core.windows.net/f706a971b6c32df609a94abf9090e6ee/PMC7033462.pdf
https://referencecitationanalysis.com/InCiteJournalInfo?id=9161
https://referencecitationanalysis.com/articles?id=10.3892%2fetm.2023.12249
http://www.ncbi.nlm.nih.gov/pubmed/37928507
https://dx.doi.org/10.3892/etm.2023.12249
https://dx.doi.org/10.3892/etm.2023.12249
https://dx.doi.org/10.3892/etm.2023.12249
https://rcastoragev2.blob.core.windows.net/00fd6ab3dbc461edb2cb9e158f6256b5/etm-26-06-12249.PMC10623219.pdf
https://rcastoragev2.blob.core.windows.net/00fd6ab3dbc461edb2cb9e158f6256b5/etm-26-06-12249.PMC10623219.pdf
https://rcastoragev2.blob.core.windows.net/00fd6ab3dbc461edb2cb9e158f6256b5/etm-26-06-12249.PMC10623219.pdf
https://referencecitationanalysis.com/InCiteJournalInfo?id=15707
https://referencecitationanalysis.com/articles?id=10.1016%2fj.jvs.2008.04.062
http://www.ncbi.nlm.nih.gov/pubmed/18992420
https://dx.doi.org/10.1016/j.jvs.2008.04.062
https://dx.doi.org/10.1016/j.jvs.2008.04.062
https://dx.doi.org/10.1016/j.jvs.2008.04.062
https://referencecitationanalysis.com/InCiteJournalInfo?id=2300
https://referencecitationanalysis.com/InCiteJournalInfo?id=2300
https://referencecitationanalysis.com/articles?id=10.1016%2fj.avsg.2018.09.043
http://www.ncbi.nlm.nih.gov/pubmed/30684622
https://dx.doi.org/10.1016/j.avsg.2018.09.043
https://dx.doi.org/10.1016/j.avsg.2018.09.043
https://dx.doi.org/10.1016/j.avsg.2018.09.043
https://referencecitationanalysis.com/InCiteJournalInfo?id=2300
https://referencecitationanalysis.com/articles?id=10.1016%2fj.avsg.2018.09.001
http://www.ncbi.nlm.nih.gov/pubmed/30218829
https://dx.doi.org/10.1016/j.avsg.2018.09.001
https://dx.doi.org/10.1016/j.avsg.2018.09.001
https://dx.doi.org/10.1016/j.avsg.2018.09.001
https://referencecitationanalysis.com/InCiteJournalInfo?id=168480
https://referencecitationanalysis.com/articles?id=10.2147%2fvhrm.s520022
http://www.ncbi.nlm.nih.gov/pubmed/40395490
https://dx.doi.org/10.2147/VHRM.S520022
https://dx.doi.org/10.2147/VHRM.S520022
https://dx.doi.org/10.2147/VHRM.S520022
https://rcastoragev2.blob.core.windows.net/77b94dcf44d8e595362188ea1f5818c4/vhrm-21-383.PMC12091060.pdf
https://rcastoragev2.blob.core.windows.net/77b94dcf44d8e595362188ea1f5818c4/vhrm-21-383.PMC12091060.pdf
https://rcastoragev2.blob.core.windows.net/77b94dcf44d8e595362188ea1f5818c4/vhrm-21-383.PMC12091060.pdf
https://referencecitationanalysis.com/InCiteJournalInfo?id=8818
https://referencecitationanalysis.com/articles?id=10.1016%2fj.ejvs.2024.03.043
http://www.ncbi.nlm.nih.gov/pubmed/38583739
https://dx.doi.org/10.1016/j.ejvs.2024.03.043
https://dx.doi.org/10.1016/j.ejvs.2024.03.043
https://dx.doi.org/10.1016/j.ejvs.2024.03.043
https://referencecitationanalysis.com/InCiteJournalInfo?id=164471
https://referencecitationanalysis.com/articles?id=10.3390%2fdiseases12100258
http://www.ncbi.nlm.nih.gov/pubmed/39452501
https://dx.doi.org/10.3390/diseases12100258
https://dx.doi.org/10.3390/diseases12100258
https://dx.doi.org/10.3390/diseases12100258
https://referencecitationanalysis.com/InCiteJournalInfo?id=4180
https://referencecitationanalysis.com/articles?id=10.1016%2fj.bjorl.2020.10.008
http://www.ncbi.nlm.nih.gov/pubmed/33303416
https://dx.doi.org/10.1016/j.bjorl.2020.10.008
https://dx.doi.org/10.1016/j.bjorl.2020.10.008
https://dx.doi.org/10.1016/j.bjorl.2020.10.008
https://rcastoragev2.blob.core.windows.net/8cf8a1a6adf7a19ae0c2c67714dc3bb4/PMC9422460.pdf
https://rcastoragev2.blob.core.windows.net/8cf8a1a6adf7a19ae0c2c67714dc3bb4/PMC9422460.pdf
https://rcastoragev2.blob.core.windows.net/8cf8a1a6adf7a19ae0c2c67714dc3bb4/PMC9422460.pdf
https://referencecitationanalysis.com/InCiteJournalInfo?id=172652
https://referencecitationanalysis.com/articles?id=10.1016%2fj.radcr.2021.09.071
http://www.ncbi.nlm.nih.gov/pubmed/34765059
https://dx.doi.org/10.1016/j.radcr.2021.09.071
https://dx.doi.org/10.1016/j.radcr.2021.09.071
https://dx.doi.org/10.1016/j.radcr.2021.09.071
https://rcastoragev2.blob.core.windows.net/85393eafc02f78e34a2a1bcd4698d35b/PMC8570929.pdf
https://rcastoragev2.blob.core.windows.net/85393eafc02f78e34a2a1bcd4698d35b/PMC8570929.pdf
https://rcastoragev2.blob.core.windows.net/85393eafc02f78e34a2a1bcd4698d35b/PMC8570929.pdf

K

Submit a Manuscript: https:/ /www.f6publishing.com

DOI: 10.4329/wijr.v17.i11.111651

World Journal of
Radiology

World | Radiol 2025 November 28; 17(11): 111651

ISSN 1949-8470 (online)

Observational Study

ORIGINAL ARTICLE

Shear wave elastography in healthy patients: Pancreatic stiffness is
less reliable than liver and spleen measurements

Nicholas Viceconti, Mattia Paratore, Fabio Del Zompo, Maria Assunta Zocco, Maria Elena Ainora, Giorgio
Esposto, Antonio Gasbarrini, Maurizio Pompili, Laura Riccardi, Matteo Garcovich

Specialty type: Radiology, nuclear
medicine and medical imaging

Provenance and peer review:
Invited article; Externally peer
reviewed.

Peer-review model: Single blind

Peer-review report’s classification
Scientific Quality: Grade B, Grade
B

Novelty: Grade B, Grade C
Creativity or Innovation: Grade A,
Grade B

Scientific Significance: Grade C,
Grade D

P-Reviewer: Hassan AH, PharmD,
PhD, Assistant Professor, Chief
Pharmacist, Lecturer, Senior
Researcher, Egypt

Received: July 8, 2025

Revised: September 15, 2025
Accepted: November 6, 2025
Published online: November 28,
2025

Processing time: 142 Days and 11.3
Hours

Jaishideng®

WIR | https://www.wjgnet.com 1

Nicholas Viceconti, Mattia Paratore, Laura Riccardi, Matteo Garcovich, Diagnostic and
Interventional Ultrasound Unit, CEMAD Digestive Disease Center, Fondazione Policlinico
Universitario Agostino Gemelli IRCCS, Rome 00168, Italy

Fabio Del Zompo, Maria Assunta Zocco, Maria Elena Ainora, Giorgio Esposto, Antonio Gasbarrini,
Internal Medicine and Gastroenterology Unit, CEMAD Digestive Disease Center, Fondazione
Policlinico Universitario Gemelli IRCCS, Rome 00168, Italy

Maria Assunta Zocco, Antonio Gasbarrini, Maurizio Pompili, Translational Medicine and Surgery
Department, Catholic University of the Sacred Heart, Fondazione Policlinico Universitario
Gemelli IRCCS, Rome 00168, Italy

Maurizio Pompili, Internal Medicine and Liver Transplantation Unit, Fondazione Policlinico
Universitario Gemelli IRCCS, Rome 00168, Italy

Corresponding author: Mattia Paratore, MD, Diagnostic and Interventional Ultrasound Unit,
CEMAD Digestive Disease Center, Fondazione Policlinico Universitario Agostino Gemelli
IRCCS, Largo Agostino Gemelli, 8, Rome 00168, Italy.
mattia.paratore@guest.policlinicogemelli.it

Abstract

BACKGROUND

Shear wave elastography (SWE) is a non-invasive ultrasound-based technique
used to assess tissue stiffness, which reflects underlying pathological changes.
While SWE has been widely applied for liver fibrosis evaluation, its application to
other abdominal organs, such as the spleen and pancreas, is gaining interest.

However, normal stiffness values and inter-system agreement remain poorly
defined.

AIM

To assess the feasibility and agreement of liver, spleen, and pancreas stiffness
using three SWE methods.

METHODS

This single-center observational study enrolled 50 healthy adult volunteers. Liver,
spleen, and pancreas stiffness were assessed using three SWE methods: Point-
SWE (p-QElaXto) and 2-Dimensional-SWE (2D-QElaXto) with Esaote MyLab 9,
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and 2D-SWE with SuperSonic Imagine. Feasibility, inter-operator reproducibility, and concordance among systems
were evaluated. Stiffness was expressed as median kPa values, and technical reliability was assessed using the
interquartile range/median ratio and stability index thresholds.

RESULTS

Liver and spleen stiffness assessment was feasible in > 98% of patients, while pancreas stiffness was measurable in
84%-88% depending on the SWE technique. Mean liver stiffness ranged between 3.9-4.7 kPa across techniques,
spleen stiffness ranged from 19.4-23.0 kPa, and pancreas stiffness from 5.2-7.6 kPa. Inter-operator agreement was
excellent for liver (intraclass correlation coefficient > 0.90) and good to moderate for spleen and pancreas (intraclass
correlation coefficient from 0.43 to 0.90). Bland-Altman analysis confirmed good correlation but also systematic
differences among devices, especially in pancreas measurements.

CONCLUSION

This is the first study to establish normal liver, spleen, and pancreas stiffness using MyLab 9 SWE integrated
methods as compared to SuperSonic Imagine, with acceptable inter-technique agreement. Liver and spleen values
matched existing guidelines; pancreas SWE showed more variability and reduced reproducibility.

Key Words: Shear wave elastography; Stiffness; Liver; Spleen; Pancreas; Healthy patients; Ultrasound; Elastography
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Core Tip: In the literature, normal stiffness values for liver, spleen, and pancreas in healthy individuals are not well
established. This is partly due to differences in equipment and cut-off values used, and partly due to inter-operator
variability. In this study, we evaluated these parameters in 50 healthy individuals using three different methods (two of
which were integrated into the same scan) to assess their correlation with clinical and technical features.
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INTRODUCTION

Shear wave elastography (SWE) is a non-invasive ultrasound (US) technique that quantifies tissue stiffness and is
increasingly applied to abdominal organs[1,2]. Establishing reference values in healthy individuals is crucial, since
abnormal stiffness is associated with clinically relevant conditions such as liver fibrosis, portal hypertension, and
pancreatic disease. In chronic liver disease, SWE-derived liver stiffness strongly correlates with fibrosis stage and disease
progression[3-5]. Spleen stiffness has also emerged as a promising surrogate marker of portal hypertension[2,6,7].
However, reliable cut-offs still require robust normal ranges in healthy subjects and reproducible measurements across
different systems. In the literature, liver and spleen normal stiffness values are not well established. There is a great
variability of normal stiffness values, partly due to the availability of different equipment and the different cut-off em-
ployed, partly due to inter-operator variability. Liver stiffness normal values disagreement was reviewed and sum-
marized in a range from 2.6 kPa to 7.5 kPal[8]. Spleen stiffness normal values were investigated in several studies, and
their values ranged from 16.6 + 2.5 kPa[1] to 18.14 £ 3.08 kPa[9].

The use of SWE is steadily increasing, also engaging other organs such as the pancreas. In fact, pancreatic stiffness has
been linked to steatosis, metabolic syndrome, acute and chronic pancreatitis, and post-surgical outcomes[10]. Never-
theless, normal reference values remain poorly defined, and data are inconsistent across studies, with studies reporting
normal values ranging from 0.52 m/second to 4.60 m/second[11,12]. A major limitation of SWE is the variability among
US platforms and even across software versions of the same manufacturer. Recent consensus guidelines[13] have
underlined the need for harmonization and for studies assessing inter-system reproducibility before stiffness thresholds
can be widely adopted in practice.

Esaote MyLab 9 is one of the latest equipment introduced in 2017 by Esaote (Genova, Italy), and it is embedded with
point-SWE (p-QElaXto) and 2-Dimensional-SWE (2D-QElaXto). To date, no published studies have established normal
reference values for abdominal organs using this platform to the best of our knowledge. The aim of the present study was
to assess the feasibility and agreement of liver, spleen, and pancreas stiffness measurements obtained with p-QElaXto and
2D-QElaXto on Esaote MyLab 9, compared with 2D-SWE on the SuperSonic Imagine Aixplorer (SSI). We sought to define
normal stiffness ranges in healthy individuals and to evaluate their relationship with clinical and technical factors.
Additionally, we examined inter-operator variability across the different SWE modalities.
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MATERIALS AND METHODS
Study design

The study was designed as an observational single-center study according to the principles of the Declaration of Helsinki
and the ethical standards of the local institutional research committee (Comitato Etico, Fondazione Policlinico Uni-
versitario Agostino Gemelli IRCCS). All subjects were made aware of the purpose of the study and agreed by signing the
informed consent before taking part in the examination. We enrolled 50 healthy adult subjects (27 men and 23 women),
primarily from hospital employees, residents, and students with no history of chronic diseases or other pathological
conditions, in a period from January 2021 to June 2021.

The inclusion criteria were: (1) Age 2 18 years; no history of focal and/or diffuse disease of the analyzed organs; (2) No
hematological disorders or other pathological conditions; (3) Negative viral serology for hepatitis B, hepatitis C and
human immunodeficiency virus; (4) Laboratory tests within the normal range (in the previous 6 months), alcohol
consumption not exceeding 30 g/daily for men and 20 g/daily for women; and (5) Suitable visualization and normal
morphology of examined organs in US imaging. The exclusion criteria were: (1) Body mass index (BMI) > 30 kg/m? (2)
Moderate/severe steatosis at standard B-mode; and (3) Ongoing or previous infections, recent or past injury, important
recent or past bleeding, immune system disorders, and pregnant or breastfeeding women. Subjects with mild hepatic
steatosis or slightly overweight were retained, as low-grade steatosis is common in the general population and does not
substantially affect shear-wave elastography. Moreover, standard B-mode US reliably detects moderate-to-severe, but not
necessarily mild steatosis[14].

Equipment and technical approach

The examination consisted of stiffness evaluation through p-QElaXto, 2D-QElaXto, and SSI by an experienced operator (>
5 years of experience with different elastography techniques). A standardized protocol was used to minimize pre-
compression, enforce breath-hold at end-expiration, and ensure uniform region of interest (ROI) placement. Moreover, to
test the reproducibility of the SWE techniques, the first 10 patients enrolled in the study underwent additional
elastography examination performed by a second operator, and median organ stiffness values were compared. To
minimize measurement bias, operators performed SWE examinations independently and were blinded to prior results
and to each other’s measurements when assessing interobserver reproducibility.

Liver, spleen, and pancreas stiffness were measured with the patient in the supine position and during breath-hold in
neutral respiration, using standardized acoustic windows for each organ. For liver and spleen, intercostal approaches
were used; for pancreas, the best available window (head, body, or tail) was selected according to individual anatomy.
For each organ, up to 10 valid measurements were obtained in accordance with the European Federation of Societies for
Ultrasound in Medicine and Biology and the World Federation for Ultrasound in Medicine and Biology (WFUMB
recommendations, which indicate that a minimum of 5-10 acquisitions improves measurement reliability and reprodu-
cibility, especially in liver elastography. Full details of probe placement and acquisition protocols are provided in the
Supplementary material.

SWE with Esaote was performed with a MyLab 9 equipment with convex broadband abdominal probe C1-8 MHz,
obtaining up to 10 valid measurements with p-QElaXto and 5 valid measurements with 2D-QElaXto for every organ,
considering median values in kPa and the ratio between interquartile range (IQR) and the median value (M) (directly
provided by the software) for the analysis (Figure 1A-F, respectively). To further investigate whether a reduced number
of acquisitions could still provide reliable results for p-QElaXto, we compared the mean values obtained from 10
measurements with those derived from the first 5 acquisitions. 2D-SSI was performed with Mach 30 Aixplorer (Aix-en-
Provence, France) with a convex probe XC6-1 MHz, obtaining 5 valid measurements for every organ, recording median
values in kPa and stability index (SI) (Figure 1G-I). For 2D-SWE systems, liver stiffness was measured in an ROI of 10 mm
and 15 mm in a central area of the colorimetric map showing the best signal homogeneity. Moreover, for pancreas
stiffness measurement, the ROI dimension was adjusted according to organ anatomy when using 2D-SWE techniques. All
the SWE measurements for every single patient lasted no longer than 10 minutes for both elastography techniques.

Technical feasibility was calculated after the exclusion of technical failures and unreliable measurements. Based on
current literature, “technical failures” were defined as no successful measurement after 10 attempts for p-QElaXto and as
the inability to measure stiffness in a homogeneous ROI of at least 10 mm for 2D-SWE techniques. “Unreliable mea-
surements” were defined by an IQR/M ratio > 0.30 and SI < 80% for QElaxto and SSI techniques, respectively[15,16]. The
remaining were considered “technically feasible”.

Statistical analysis

Individual patient measurements derived from multiple samples (e.g., liver stiffness derived from five or ten mea-
surements) were expressed as medians. IQR for liver stiffness measurements and IQR/M were calculated at the
individual patient level and were considered as an indicator for measurement quality. Pearson correlation was used to
assess univariate relationships between continuous variables after verification of data normality with the Shapiro-Wilk
test. Pearson’s correlation coefficients were classified as follows: 0-0.19, very weak correlation; 0.20-0.39, weak; 0.40-0.59,
moderate; 0.60-0.79, strong; and 0.80-1.00, very strong. Interobserver reproducibility was estimated with a single-measure
two-way mixed intraclass correlation coefficient (ICC) test for absolute agreement in a subgroup of patients. Based on the
95% confidence interval (CI) of the ICC estimate, values less than 0.5, between 0.5 and 0.75, between 0.75 and 0.9, and
greater than 0.90 were considered indicative of poor, moderate, good, and excellent reliability, respectively[17]. In
addition to the ICC used to assess inter-operator reproducibility, we also calculated the concordance correlation
coefficient (CCC) and the coefficient of variation (CV%) to evaluate inter-technique agreement between the three SWE
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Figure 1 Shear wave elastography in healthy patients. A-C: Point-shear wave elastography of liver (A), spleen (B), and pancreas (C); D-F: 2-dimensional-
shear wave elastography of liver (D), spleen (E), and pancreas (F); G-I: 2-dimensional-SuperSonic Imagine Aixplorer of liver (G), spleen (H), and pancreas (1).

methods (2D-QElaXto, p-QElaXto, and SSI). The CCC was computed according to Lin’s method, combining measures of
precision and accuracy, while the CV was calculated as the ratio between the standard deviation of paired differences and
their mean value, expressed as a percentage. All comparisons were considered exploratory, and no adjustment for
multiple testing was applied. Statistical analysis was performed by using the Statistical Package for the Social Sciences
(SPSS 22.0; SPSS Inc., Chicago, IL, United States).

RESULTS
Study population

We enrolled a total of 50 patients in the study period. Organ stiffness measurements were obtained by the three different
SWE techniques (2D-QElaXto, p-QElaXto, and SSI). Descriptive statistics of the “healthy” study population are reported
in Table 1. Among the whole cohort, the mean BMI was 23 kg/m? with only two subjects showing a hyperechoic liver
(both with mild liver steatosis and BMI > 25 kg/m?) and one subject with a hyperechoic pancreas (mild fatty infiltration)
on US scanning. In two other patients, pancreas visualization on US was suboptimal due to intestinal gas, and therefore,
pancreatic stiffness was not performed.

Feasibility and reproducibility of organ stiffness measurements

The feasibility of the three SWE techniques was excellent, and successful measurements were obtained in all 50 subjects
for liver and spleen stiffness assessment. In only one patient, IQR/M ratio was > 30% when performing liver stiffness
with 2D-QElaXto with a ROI of 10 mm (but not with a ROI of 15 mm). In another single subject, spleen stiffness
measurements were unreliable (IQR/M ratio > 30% or SI < 80%) with all three techniques. These unreliable mea-
surements were probably due to the reduced spleen width (< 2.5 cm) found in this lean female volunteer (BMI 19 kg/m?).
Moreover, in six other patients, spleen stiffness assessment with p-QElaXto was unreliable when performing only 5
measurements, but not when completing the evaluation with 10 measurements. In four of the aforementioned patients,
spleen stiffness was also unreliable with 2D-QElaXto by using an ROI of 10 mm, but not with a ROI of 15 mm. To
summarize, the feasibility and reliability for liver and spleen stiffness assessment were 100% if 10 measurements were
performed with p-QElaXto and a ROI of 15 mm was selected when using the 2D-SWE technique.
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Table 1 Descriptive statistics of the “healthy” study population

Variables Total Males Females
Age (years) 37+10 39+£11 35+9
BMI (kg/m?) 23+3 2442 2142
Spleen bipolar diam (cm) 10.8+1.3 11.6 £0.9 9.8+1.0
Spleen area (cm?) 33.3+8.6 37+8 29+7
Pancreas body thick (cm) 11+03 1.2+03 11+02

BMI: Body mass index.

When performing SWE of the pancreas, the feasibility was not quite as excellent as for the liver and spleen. Specifically,
in six subjects undergoing pancreas evaluation with 2D-QElaXto, measurements were either unreliable or showed
inhomogeneous filling of the colorimetric map (Figure 2). Assessment with p-QElaXto was unreliable in ten patients
when only the first 5 measurements were considered, but if the other five measurements were added, IQR/M ratio was >
30% only in four patients. Pancreas stiffness with SSI was not feasible in four patients due to SI <80% (three patients) or
inhomogeneous filling of the colorimetric map (one patient). Eventually, if the two failed visualizations of the organ are
included, the overall feasibility of pancreas stiffness was 84%, 88% and 88% for 2D-QElaXto, p-QElaxto with 10
measurements, and SSI, respectively.

The ICC for liver stiffness measurement evaluated on 10 subjects was excellent for all three SWE techniques: 0.963
(95%CI: 0.850.99) for 2D-QElaXto (with a ROI of 15 mm), 0.906 (95%ClI: 0.62-0.98) for p-QElaXto (10 measurements), and
0.928 (95%ClI: 0.70-0.98) for SSI (with a ROI of 15 mm). Interoperator agreement was also very good for spleen stiffness
measurements, but only for p-QElaXto and SSI, with a reliability of 0.929 (95%CI: 0.56-0.98) and 0.835 (95%CI: 0.38-0.96),
respectively. 2D-QElaXto showed only a moderate agreement with an agreement of 0.519 (95%ClI: -0.85 to 0.87). A similar
trend was also observed for pancreas stiffness interobserver reproducibility: 0.831 (95%CI: 0.28-0.96) for p-QElaXto, 0.844
(95%ClI: 0.41-0.96) for SSI, but only 0.434 (95%Cl: -1.00 to 0.86) for 2D-QElaXto.

Liver stiffness measurement and concordance between SWE devices

The overall values of the median liver stiffness in the 50 healthy subjects ranged from 2.4 kPa to 8.1 kPa across the
different SWE techniques (Table 2). Specifically, considering the whole study group, the mean liver stiffness value for 2D-
QElaXto was 3.9 kPa regardless of whether a 10 mm or 15 mm ROI was used. For p-QElaX the mean liver stiffness values
were 4.4 kPa for both 5 and 10 measurements. Mean liver stiffness obtained with SSI was 4.6 kPa and 4.7 kPa using a
10 mm and 15 mm RO, respectively.

Bland-Altman analysis showed that 2D-QElaXto average values were 0.8 kPa (CI: -1.9 kPa to 0.4 kPa) lower than those
obtained with SSI, even in the presence of a significant correlation (r = 0.75; P < 0.001). A similar trend was observed for
mean p-QElaXto values, which were only 0.3 kPa (CI: -1.6 kPa to 1.0 kPa) lower than those obtained with SSI (r = 0.71; P <
0.001) (Supplementary material). For the liver stiffness measurements, concordance was good (CCC = 0.67-0.80; CV <
12%), confirming the robustness of measurements across systems.

Spleen stiffness measurement and concordance between SWE devices
The mean value of spleen bipolar diameter was 10.8 + 1.3 cm, while the splenic area and spleen width mean values were
33.3 £ 8.6 cm? and 3.5 £ 0.6 cm, respectively. The overall values of the median spleen stiffness in the whole group ranged
from 9.8 kPa to 46.9 kPa for the various SWE techniques (Table 3). Specifically, the mean spleen stiffness value for 2D-
QElaXto was 19.4 kPa with an ROI of 10 mm and 20.0 kPa with an ROI of 15 mm. For p-QElaX, the mean spleen stiffness
values were 23.0 kPa and 22.9 kPa when performing 5 or 10 measurements, respectively. Mean spleen stiffness values
obtained with SSI were 21.9 kPa using a 10 mm ROI and 21.7 kPa with a 15 mm ROL

Bland-Altman analysis showed that 2D-QElaXto average values were 1.7 kPa (CI: -7.4 kPa to 3.9 kPa) lower than those
obtained with SSI, even in the presence of a significant good correlation (r = 0.79; P < 0.001). Regarding p-QElaXto, mean
values were 1.2 kPa (CI: -6.4 kPa to 8.8 kPa) higher than those obtained with SSI (r = 0.68; P < 0.001) (Supplementary
material). For the spleen stiffness measurements, CCC ranged from 0.61 to 0.73 (CV < 13%), consistent with moderate-to-
good agreement.

Pancreas stiffness and variability between SWE devices

Pancreas stiffness evaluation was strongly influenced by organ visualization in every single subject. Consequently, a
complete US assessment of the pancreas - including head, body, and tail - was achieved only in 23 subjects (46% of the
whole population). SWE was therefore performed in the organ section with the best acoustic window. For 2D-SWE
techniques (2D-QElaXto and SSI), the ROI dimension was adjusted according to organ anatomy (mean ROI size was
8.0 mm). The median pancreas stiffness in the whole group ranged from 2.7 kPa to 18.0 kPa for the various SWE tec-
hniques (Table 4). Particularly, the mean pancreas stiffness value for 2D-QElaXto was 5.2 kPa, while the mean values for
p-QElaXto were 5.9 kPa and 6.1 kPa when performing 5 or 10 measurements, respectively. The mean pancreas stiffness
value for SSI was 7.6 kPa.
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Table 2 Median liver stiffness values

SWE technique 2D-QElaXto 2D-QElaXto p-QElaXto p-QElaXto SSI Ssl
(10 mm ROI) (15 mm ROI) (5 meas) (10 meas) (10 mm ROI) (15 mm ROI)
Mean liver stiffness (kPa) 39 3.9 44 44 46 4.7
Range (kPa) 24-65 27-6.8 3-0-8.1 3.0-8.0 3573 35-7.1
SD 0.8 038 0.9 0.9 0.9 0.9
95%ClI 3.66-4.11 3.69-4.15 4.13-4.66 4.12-4.65 4.41-4.89 4.44-493

2D-QElaXto: 2-dimensional-shear wave elastography; p-QElaXto: Point-shear wave elastography; SSI: SuperSonic Imagine; ROI: Region of interest; CI:

Confidence interval.

Table 3 Median spleen stiffness values

. 2D-QElaXto 2D-QElaXto p-QElaXto p-QElaXto SSI SSI
SWE technique
(10 mm ROI) (15 mm ROI) (5 meas) (10 meas) (10 mm ROI) (15 mm ROI)
Mean spleen stiffness (kPa) 19.4 20.0 23.0 229 21.9 21.7
Range (kPa) 9.8-26.7 11.7-32.6 13.5-46.9 13.1-36.1 13.4-35.9 13.5-33.8
SD 3.9 43 6.1 5.0 4.8 4.6
95%CI 18.27-20.60 18.72-21.20 21.10-24.86 21.45-24.34 20.57-23.33 20.37-23.04

2D-QElaXto: 2-dimensional-shear wave elastography; p-QElaXto: Point-shear wave elastography; SSI: SuperSonic Imagine; ROI: Region of interest; CI:
Confidence interval.

Table 4 Median pancreas stiffness values

SWE technique 2D-QElaXto p-QElaXto (5 meas) p-QElaXto (10 meas) SSI
Mean pancreas stiffness (kPa) 5.2 59 6.1 7.6
Range (kPa) 29-15.0 2.8-17.4 3.1-18.0 27-17.2
SD 19 25 24 26
95%Cl 4.63-5.80 5.03-6.70 5.40-6.83 6.86-8.41

2D-QElaXto: 2-dimensional-shear wave elastography; p-QElaXto: Point-shear wave elastography; SSI: SuperSonic Imagine; CI: Confidence interval.

Bland-Altman analysis showed that 2D-QElaXto average values were 2.2 kPa (CI: -6.3 kPa to 1.9 kPa) lower than those
obtained with SSI, with only a moderate correlation (r = 0.56; P < 0.001). A similar trend was observed for mean p-
QElaXto values, which were 1.5 kPa (CI: -6.4 kPa to 3.4 kPa) lower than those obtained with SSI (r = 0.49; P = 0.01)
(Supplementary material). However, the correlation was stronger when comparing 2D-QElaXto with p-QElaXto average
values (r = 0.75; P < 0.05). As opposed to liver and spleen, pancreatic stiffness measurements showed lower concordance
(CCC =0.35-0.66; CV 22%-32%), in line with the higher variability already observed in the Bland-Altman analysis.

DISCUSSION

Over recent years, ultrasonography and elastography techniques have garnered growing interest due to their capability
for both qualitative and quantitative analysis of tissue stiffness, offering additional data compared to traditional sem-
eiological examination. This heightened interest has led to the development of a wide array of US commercial devices,
equipped with their own dedicated SWE technique. Our study aimed to assess the feasibility and agreement among three
different SWE techniques (2D-QElaXto, p-QElaXto, and 2D-SWE SSI) to establish normal stiffness values for the liver,
spleen, and pancreas, considering the substantial inter-system variability.

The different SWE techniques demonstrated excellent feasibility for the assessment of liver and spleen stiffness,
whereas the feasibility for pancreatic evaluation was moderately lower. This limitation is primarily attributable to various
anatomical and functional factors. Assessing pancreatic stiffness remains a technically demanding and clinically intr-
iguing challenge. The retroperitoneal location increases depth and bowel-gas interposition, often limiting ROI size and
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Figure 2 2-dimensional-shear wave elastography of pancreas: Inhomogeneous filling of the colorimetric map suggests an unreliable
measurement.

reducing map homogeneity[18]. Proximity to the aorta may introduce pulsation-related artifacts[19]. Measurements are
also sensitive to respiratory phase, with deep inspiration yielding higher values than free breathing[20]. Beyond
acquisition constraints, variability is influenced by anthropometric factors such as BMI and gland depth[18,21]. Age and
sex also play a role, affecting measured stiffness and inter-observer agreement[22]. In our study, a complete US eva-
luation of the pancreas was feasible in only 23 subjects, and, during 2D-SWE acquisitions, the ROI size was adapted to the
specific anatomy of each patient. Simethicone-water-rotation protocols have been proposed to enhance pancreatic
visibility[23]. However, their adoption in routine clinical settings is limited, and adequate pancreatic imaging remains
challenging. In addition, both inter- and intra-operator variability were significantly higher for pancreatic stiffness
assessment compared to liver and spleen, further confirming the technical challenges associated with evaluating the
pancreatic gland. Bland-Altman analysis confirmed that for liver and spleen, the mean inter-device differences were small
(<2 kPa) and unlikely to affect interpretation in healthy subjects, whereas pancreatic measurements showed wider limits
of agreement (up to * 6 kPa), indicating lower reproducibility. Because of the limited sample size and the homogeneous
demographic profile of our study population, no formal multivariate regression analysis could be reliably performed to
identify predictors of pancreatic measurement unreliability. Future multicenter studies with larger and more hetero-
geneous cohorts may be helpful to quantitatively assess how anthropometric and technical parameters contribute to
pancreatic SWE variability.

Concerning stiffness measurements, our findings aligned with the well-established reference values for liver ela-
stography, while contributing novel data on spleen and pancreatic elastography, along with relevant technical consider-
ations. In our study, liver stiffness values in healthy subjects measured with 2D-QElaXto and p-QElaXto were 3.9 kPa and
4.4 kPa, respectively, showing a good agreement with 2D-SWE SSI. These values agree with the Society of Radiologists in
the US’s Consensus[24] and subsequent WFUMB Guidelines[13] “rule of four”, which states that the liver with a stiffness
value equal to or less than 5 kPa (1.3 m/second) has a high probability of being normal. Furthermore, liver stiffness
evaluation using different sizes of ROI for 2D-SWE techniques, 10 mm and 15 mm, showed no significant variation with
similar values to other studies[8,9,25]. These findings support the robustness of the “rule of four” as a universal reference
threshold that can be reliably applied across different elastographic equipment to exclude the presence of significant liver
fibrosis.

Regarding the spleen stiffness, values ranged from 19.4 kPa (2D-QElaXto, 10 mm ROI) to 23.0 kPa (p-QElaXto, 5
measurements). Few studies have investigated spleen stiffness in healthy adults, and their reported values are consistent
with our results[1,9,26]. For example, Leung et al[26] reported a mean spleen stiffness value of 17.3 + 2.6 kPa in a cohort of
healthy volunteers, with no statistically significant difference observed between male and female subjects. In recent years,
efforts have focused on defining universal cut-off values for spleen elastography. Similar to liver elastography, these
thresholds aim to rule out clinically significant portal hypertension (CSPH) or high-risk esophageal varices in patients
with compensated advanced chronic liver disease (cACLD)[7,27,28]. Recently, the role of spleen stiffness in identifying or
ruling out CSPH in cACLD patients was clarified by the 2024 WFUMB guidelines[13], which introduced a “Baveno
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VII-SSM dual-cutoff model”[13,29]. This model incorporates LSM, SSM and platelet count to improve diagnostic
accuracy, establishing 21 kPa as the upper SSM threshold for excluding CSPH - slightly lower than the threshold
proposed in Baveno VII[13]. It should be noted, however, that these thresholds refer to values obtained by transient
elastography in cACLD patients, and no guideline-based cut-offs are currently available for SWE. The spleen stiffness
values obtained in our cohort, together with the high reproducibility of liver and spleen measurements, support the
clinical use of SWE for non-invasive assessment of liver fibrosis and for spleen-based evaluation of portal hypertension.
Future studies should clarify whether spleen stiffness values in healthy individuals overlap with those of cACLD patients
without CSPH.

Lastly, regarding pancreatic elastography, the mean stiffness values in healthy subjects in our cohort ranged from
5.2 kPa with 2D-QElaX to 6.1 kPa with SSI. These findings are in line with previously reported normal ranges. For
example, Kaya et al[20] found median values around 4-5 kPa during free breathing, while Nosakova et al[21] reported a
mean of approximately 6.1 kPa using 2D-SWE. Similarly, Gallotti et al[12] described mean velocities of 1.40 m/second
(approximately 6 kPa) with ARFI in healthy volunteers, and Choudhury et al[30] reported mean values of 8.7-9.0 kPa in
an Indian cohort, highlighting possible variability related to population and methodology. Other studies confirmed
normal pancreas stiffness around 6-7 kPa in controls[31], whereas markedly higher values (23.8 + 6.7 kPa) were reported
by Durmaz et al[32]. Taken together, our data fall within the lower-to-mid portion of the spectrum of published reference
values, supporting their reliability while underlining the considerable heterogeneity observed across studies depending
on technique, respiratory phase, and anthropometric factors.

Although inter-system variability currently limits routine pancreatic SWE, emerging evidence indicates that stiffness
measurements may provide additional value in detecting pancreatic steatosis, in correlation with metabolic syndrome
and cardiovascular risk stratification[33,34], and in the evaluation of inflammatory changes in acute and chronic pancre-
atitis[11,33]. Latest evidence reports also a significant correlation between concomitant increase of pancreatic and splenic
stiffness in patients with portal hypertension[35]. We acknowledge some potential limitations of our study. Firstly, the
limited number of participants in our study may have affected the statistical power, potentially increasing the margin of
error. Also, the recruitment of hospital staff and medical students may introduce a selection bias, as this group is
relatively homogeneous in terms of age, health status, and BMI. To strengthen the validity of our findings, future
multicenter studies should include a more demographically diverse cohort to improve generalizability. Secondly, it is
important to note that our investigation was conducted within a single institution. Thirdly, measurements in our study
were performed using a generation-specific device, and the normal values generated may be representative of this model
and generation. However, it would be advisable to verify the concordance between different models and generations of
the same manufacturer because the lack of harmonization across US platforms restricts comparability of SWE values,
highlighting the importance of multicenter studies and standardized acquisition protocols for clinical adoption.

CONCLUSION

Our study provides preliminary reference stiffness values in healthy adults using three SWE techniques, with robust liver
and spleen reproducibility that supports integration of SWE into multiparametric US assessment of chronic liver disease
and portal hypertension. In contrast, pancreatic stiffness measurements remain more variable, highlighting the need for
optimized acquisition protocols and standardization before SWE can be reliably applied in pancreatic routine clinical
practice. Future multicenter studies with larger cohorts should focus on harmonizing reference values and technical
parameters across different systems and manufacturers, enabling SWE to evolve into a truly reproducible, quantitative,
and cross-platform non-invasive tool for abdominal organ evaluation.
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Abstract

In the clinical diagnosis and treatment of liver tumors, the differential diagnosis
between dual-phenotype hepatocellular carcinoma and intrahepatic cholangiocar-
cinoma has long been a challenging problem for clinicians. These two types of
tumors not only exhibit overlapping pathological features but also have sig-
nificantly different treatment strategies and prognoses. Misdiagnosis can directly
affect patients' quality of life. Recently, a study published by Zhang et al has
brought groundbreaking insights into this dilemma. Radiomics technology has
demonstrated remarkable value in the differential diagnosis of these two diseases,
opening up a new path for the precise diagnosis and treatment of liver tumors.

Key Words: Dual-phenotype hepatocellular carcinoma; Intrahepatic cholangiocarcinoma;
Radiomics; Differential diagnosis; Machine learning
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Core Tip: A recent study published by Zhang et al focuses on exploring the practical
value of radiomics in ahcieving the differential diagnosis between dual-phenotype
hepatocellular carcinoma and intrahepatic cholangiocarcinoma. Its constructed com-
bined model, with an area under the receiver operating characteristic curve of 0.892, can
effectively boost diagnostic accuracy and provide significant assistance to less-
experienced radiologists in clinical practice. However, the study still faces limitations of
single-center data and small sample size, and future research thus needs to carry out
multi-center studies and promote multi-omics fusion to address these issues.
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TO THE EDITOR

Dual-phenotype hepatocellular carcinoma (DPHCC) and intrahepatic cholangiocarcinoma (ICC) are two clinically
important subtypes of primary liver cancer, but their differential diagnosis has long plagued clinicians due to
overlapping pathological and imaging features[1,2]. DPHCC is a rare special subtype of hepatocellular carcinoma, charac-
terized by simultaneous differentiation of hepatocyte and cholangiocyte lineages; it has stronger biological aggress-
iveness, higher rates of microvascular invasion, and poorer sensitivity to radiotherapy and chemotherapy than conven-
tional HCC, leading to significantly worse prognosis[3]. In contrast, ICC originates from intrahepatic bile duct epithelial
cells, spreads mainly through lymph node metastasis, and its standard treatment relies on surgical resection combined
with postoperative adjuvant chemotherapy[4]. Misdiagnosis between DPHCC and ICC directly leads to inappropriate
treatment selection: For example, treating DPHCC with ICC-oriented adjuvant chemotherapy may result in ineffective
therapy and missed opportunities for targeted intervention, while misclassifying ICC as DPHCC may lead to unnecessary
aggressive surgical approaches and increased postoperative complications[2,5]. Traditional imaging diagnosis (such as
computed tomography and magnetic resonance imaging) relies on qualitative description of tumor morphology, vascular
enhancement patterns, and peritumoral changes. In this context, radiomics, which extracts quantitative features from
medical images and constructs diagnostic models via machine learning, has emerged as a promising tool to address this
diagnostic dilemma[6].

Study design and clinical significance

A study recently published by Zhang et al has brought groundbreaking insights into this dilemma. This study constructed
a clinical sign model, a radiomics model, and a combined model, and conducted an in-depth analysis of the imaging data
from 53 DPHCC patients and 124 ICC patients. The results showed that the area under the curve of the combined model
in the test set reached 0.892, significantly superior to that of the single clinical model. More notably, with the assistance of
the model, the diagnostic area under the curve of less experienced radiologists (with 5 years of experience) increased from
0.698 to 0.946, confirming the unique role of radiomics in bridging the gap in diagnostic experience. This finding not only
validates the clinical applicability of radiomics but also reveals its great potential as a “digital biopsy” tool. The core value
of radiomics lies in converting texture features in medical images that are difficult to capture with the naked eye into
quantitative data and uncovering the essence of diseases through machine learning algorithms[7]. Compared with
traditional imaging diagnosis, this study adopted whole-tumor slice-by-slice delineation of regions of interest, avoiding
the limitations of single-slice analysis and comprehensively capturing tumor heterogeneity, which reflects the imaging
manifestations of molecular-level differences between DPHCC and ICC. The 28 radiomic features screened in the study
may represent the “imaging fingerprints” of the biological behaviors of these two tumors, such as cell proliferation and
angiogenesis.

Zhang et al’s work has some notable innovations compared with earlier studies on DPHCC-ICC differential diagnosis
[1]: (1) Whole-tumor regions of interest delineation: Unlike Gu et al[8] (who focused on tumor parenchyma only), Zhang
et al[1] adopted slice-by-slice delineation of the entire tumor, including the tumor margin and peritumoral tissues. This
approach comprehensively captures tumor heterogeneity, which better reflects the molecular-level differences between
DPHCC (with hepatocyte-cholangiocyte dual differentiation) and ICC (with bile duct epithelial differentiation); and (2)
feature interpretability clues: The 28 screened radiomic features included 12 texture features (e.g., gray-level co-
occurrence matrix entropy) and 8 shape features (e.g., tumor sphericity), which may correspond to biological behaviors
such as cell proliferation (reflected by texture irregularity) and angiogenesis (reflected by enhancement heterogeneity) in
DPHCC and ICC. This provides a basis for linking radiomic features to pathological mechanisms, whereas Gu et al’s
study (focused on magnetic resonance imaging qualitative features) lacked such quantitative-pathological correlation
analysis[8].

From a practical clinical perspective, radiomics models are particularly valuable for physicians at different experience
levels. For experienced doctors, the model can serve as a reference to help reduce subjective bias in diagnosis; for young,
less experienced doctors, radiomics models can help them quickly improve their diagnostic capabilities. Currently, the
diagnosis and treatment of liver tumors are moving towards precision and personalization[9]. As a special subtype of
HCC, DPHCC has characteristics of both hepatocyte and cholangiocyte differentiation, with stronger microvascular
invasion ability and higher resistance to radiotherapy and chemotherapy[7]. In contrast, ICC primarily spreads through
lymph node metastasis, and adjuvant chemotherapy after surgery is the standard treatment[10]. Precise differentiation
between the two directly determines the choice of surgical approach and adjuvant treatment strategies. The introduction
of radiomics models not only improves the accuracy of preoperative diagnosis but also provides objective quantitative
evidence for clinical decision-making, promoting the shift from “experience-based medicine” to “data-driven medicine”.

Existing challenges and future directions
However, Zhang et al’s study also highlights common challenges in the clinical translation of radiomics. The single-center
retrospective design may introduce selection bias, the limited sample size may affect the generalization ability of the
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model, and the integration of imaging data with multi-omics information remains to be further explored. In the future,
multi-center large-sample studies, cross-modal data fusion (such as integration with genomics and proteomics), and the
development of interpretable artificial intelligence algorithms will be crucial for overcoming these bottlenecks. Model
interpretability can be improved by integrating SHapley Additive exPlanations into radiomics models, an approach that
quantifies the contribution of each feature to the diagnostic result[11]. As medical imaging evolves from “qualitative
description” to “quantitative analysis” and artificial intelligence transitions from the laboratory to the clinical frontline,
radiomics is reshaping the diagnostic paradigm for liver tumors. This study not only provides a practical tool for the
differential diagnosis of DPHCC and ICC but also heralds the advent of a new era where "imaging serves as a
biomarker". With the continuous iteration of technology and the innovation of concepts, radiomics is bound to play an
even more significant role in tumor early screening, treatment efficacy assessment, prognosis prediction, and other fields.
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Abstract

Spinal cord injury and non-traumatic myelopathies are major causes of lifelong
disability, yet conventional magnetic resonance imaging (MRI) can underestimate
microstructural damage. Diffusion tensor imaging (DTI) and tractography map
white-matter integrity by measuring fractional anisotropy (FA) and mean diffu-
sivity (MD), but their adoption in spine imaging has been limited by long scan
times and complex post-processing. Supsupin et al report a two-minute cervical
DTI sequence integrated into routine MRI and applied to four representative pat-
hologies - spinal cord contusion, metastatic compression, degenerative myelo-
pathy, and multiple sclerosis - compared with five controls. Each lesion showed
distinctive tractographic and quantitative patterns: For example, reduced FA with
preserved MD in contusion and combined FA decrease and MD elevation in
metastatic compression. These findings highlight the potential of tractography to
improve diagnosis, guide surgical planning, and monitor treatment, while main-
taining clinical feasibility. Remaining challenges include limited angular resolu-
tion, motion artifacts, and the need for multicenter validation and advanced
reconstruction methods. This manuscript places the study in the context of current
spinal diffusion imaging and outlines future directions toward routine, precision
care.

Key Words: Magnetic resonance imaging; Tractography; Cervical; Spine; Diffusion tensor
imaging
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Core Tip: A rapid two-minute diffusion tensor imaging sequence enables cervical spinal cord tractography during routine
magnetic resonance imaging (MRI). Supsupin ef al demonstrate that distinct fractional anisotropy and mean diffusivity
patterns reveal microstructural injury in contusion, metastasis, degenerative myelopathy, and multiple sclerosis — lesions that
may appear less conspicuous on conventional MRI. Their work shows how tractography can support diagnosis, surgical
planning, and longitudinal follow-up.
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TO THE EDITOR

Spinal cord disorders including trauma, degenerative myelopathy, metastatic disease, and demyelinating disorders are
major causes of lifelong disability and reduced quality of life. Globally, hundreds of thousands of people sustain spinal
cord injury each year, and many more live with chronic compressive or inflammatory conditions. Early detection of
microstructural cord damage is critical for prognosis, surgical planning, and monitoring therapeutic response[1]. Conven-
tional magnetic resonance imaging (MRI), while indispensable for depicting gross cord morphology and signal changes,
often fails to reveal subtle axonal injury or the precise extent of fiber disruption.

Diffusion tensor imaging (DTI) and tractography, which reconstruct the three-dimensional organization of white
matter fibers, provide a window into these otherwise invisible changes. By measuring the directionality of water
diffusion, DTI quantifies fractional anisotropy (FA) and mean diffusivity (MD), surrogate markers of axonal integrity and
extracellular edema. Tractography then integrates these data to render a virtual map of cord tracts, offering the possibility
of more accurate diagnosis and individualized management[2-4]. Despite this promise, spinal applications of tracto-
graphy have lagged behind cranial uses because of long acquisition times, motion artifacts, and the need for specialized
post-processing.

STUDY HIGHLIGHTS

In this issue of World Journal of Radiology, Supsupin et al[5] demonstrate that these barriers can be substantially lowered.
They incorporated a 2-minute cervical spine DTI sequence into routine MRI and used deterministic tractography with
automated topology-informed pruning to evaluate four representative pathologies - cord contusion, metastatic com-
pression, degenerative myelopathy, and multiple sclerosis - against five healthy controls.

Distinct tractographic signatures emerged. In the cord contusion case, FA was reduced at the lesion with preserved
MD, consistent with axonal disorganization without widespread necrosis or edema. Metastatic compression produced
both decreased FA and elevated MD, reflecting tract disruption and tissue infiltration. Degenerative myelopathy
demonstrated visual tract interruption despite relatively preserved FA, illustrating how selective fiber loss or partial-
volume effects can mask scalar abnormalities[6]. Finally, demyelinating disease revealed moderate FA reduction with
only mild MD elevation, a pattern compatible with localized myelin loss.

These quantitative and qualitative findings provide a more nuanced picture than conventional MRI alone and illustrate
how tractography can inform surgical or medical decision-making when conventional images underestimate the severity
of fiber injury[7].

CLINICAL SIGNIFICANCE

The clinical implications are substantial. First, the authors” ultra-short acquisition, about two minutes added to the MRI
exam, addresses one of the main impediments to routine spinal tractography[5]. Second, the combination of rapid
acquisition and straightforward deterministic reconstruction supports integration into standard clinical workflows,
including preoperative planning for tumor resection or decompressive surgery, and serial follow-up in demyelinating
disease. Third, FA and MD measurements derived from the lesion core and adjacent segments may help predict
neurological outcomes and guide rehabilitation, paralleling similar applications of brain tractography in stroke and
traumal[4,8].

These strengths align with the growing emphasis on precision medicine. Reliable early identification of microstructural
injury may allow targeted interventions to prevent secondary degeneration, optimize timing of surgery, and monitor
therapeutic efficacy.
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TECHNICAL CONTEXT AND CHALLENGES

Spinal tractography presents unique technical hurdles. The cervical cord’s small cross-section, surrounding cerebrospinal
fluid, and frequent patient motion create geometric distortions and lower signal-to-noise ratios. Supsupin et al[5] used a
six-direction acquisition, a pragmatic choice for minimizing scan time but one that limits angular resolution and sen-
sitivity to complex fiber crossings[9]. Higher-direction acquisitions - typically at least 17 directions - yield more accurate
tractography but at the cost of longer imaging times and greater motion sensitivity.

Another challenge is the fundamental limitation of the DTT model, which assumes a single dominant fiber orientation
per voxel. This can obscure crossing, merging, or branching fibers. Advanced reconstruction methods such as generalized
g-sampling imaging can resolve multiple orientations and may improve anatomic fidelity, though at the price of longer
acquisitions and more complex post-processing[10]. Distortion-correction strategies, including reverse phase-encoding
and cardiac gating, could further enhance data quality[8].

BROADER PERSPECTIVE

The work by Supsupin et al[5] dovetails with a growing literature that seeks to translate tractography from research to
everyday clinical care. Several groups have shown that FA correlates with neurological impairment and outcome in
cervical myelopathy[6] and that diffusion changes can signal disease activity in demyelinating conditions[4]. In neu-
rosurgical planning, tractography has already improved the safety of tumor resection and deep brain stimulation[8]. By
applying similar principles to the spinal cord in a rapid, clinically feasible manner, the current study advances the field
toward true bedside applicability.

Looking ahead, multi-institutional studies with larger, pathologically diverse cohorts will be essential to validate
diagnostic accuracy and prognostic value. Integration with surgical navigation systems, machine-learning-based seg-
mentation, and quantitative outcome measures could further enhance clinical impact. Importantly, reproducibility across
different scanners and institutions must be established if the method is to inform treatment guidelines and reim-
bursement decisions.

CONCLUSION

By showing that robust cervical spinal cord tractography can be performed with minimal additional scan time, Supsupin
et al[5] provide a practical framework for incorporating diffusion imaging into daily radiological practice. Their rapid DTI
protocol delivers actionable insights into microstructural integrity across a spectrum of diseases, bringing us closer to an
era where spinal tractography complements conventional MRI as a standard component of precision spinal care.
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