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Abstract
Gastric cancer, a prevalent malignancy worldwide, ranks sixth in terms of 
frequency and third in fatality, causing over a million new cases and 769000 
annual deaths. Predominant in Eastern Europe and Eastern Asia, risk factors 
include family medical history, dietary habits, tobacco use, Helicobacter pylori, and 
Epstein-Barr virus infections. Unfortunately, gastric cancer is often diagnosed at 
an advanced stage, leading to a grim prognosis, with a 5-year overall survival rate 
below 5%. Surgical intervention, particularly with D2 Lymphadenectomy, is the 
mainstay for early-stage cases but offers limited success. For advanced cases, the 
National Comprehensive Cancer Network recommends chemotherapy, radiation, 
and targeted therapy. Emerging immunotherapy presents promise, especially for 
unresectable or metastatic cases, with strategies like immune checkpoint inhi-
bitors, tumor vaccines, adoptive immunotherapy, and nonspecific immunomodu-
lators. In this Editorial, with regards to the article “Advances and key focus areas 
in gastric cancer immunotherapy: A comprehensive scientometric and clinical 
trial review”, we address the advances in the field of immunotherapy in gastric 
cancer and its future prospects.

Key Words: Immunotherapy; Adaptive immunotherapy; Tumor vaccines; Chimeric antigen 
receptor therapy; Tumor-infiltrating lymphocytes therapy; Natural killer therapy; 
Cytokine-induced killer therapy; Engineered T cell receptor therapy; Immune checkpoint 
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Core Tip: Immunotherapy, especially immune checkpoint inhibitors (ICIs), has revolutionized cancer treatment by targeting 
programmed cell death 1, programmed cell death ligand 1 (PD-L1), and cytotoxic T lymphocyte-associated antigen-4 
(CTLA-4), enhancing the immune response. While PD-L1 and CTLA-4's prognostic significance in gastric cancer remains 
debatable, ICIs like nivolumab and pembrolizumab show promise. Tailored approaches, such as zolbetuximab for CLDN 
18.2 or trastuzumab, pembrolizumab, and chemotherapy for human epidermal growth factor receptor 2-positive cases, 
demonstrate effectiveness. Tumor vaccines and dendritic cell-based vaccines hold potential in personalized therapy. 
Adoptive Immunotherapy utilizes tumor-infiltrating lymphocytes therapy, engineered T cell receptor therapy, Chimeric 
antigen receptor T-cell therapy, natural killer cell therapy, and cytokine-induced killer cell therapy, each with distinct 
benefits and challenges. The immunotherapy landscape continues to evolve, offering hope for improved cancer management.

Citation: Christodoulidis G, Koumarelas KE, Kouliou MN. Revolutionizing gastric cancer treatment: The potential of immunotherapy. 
World J Gastroenterol 2024; 30(4): 286-289
URL: https://www.wjgnet.com/1007-9327/full/v30/i4/286.htm
DOI: https://dx.doi.org/10.3748/wjg.v30.i4.286

INTRODUCTION
Gastric cancer ranks among the most prevalent malignancies worldwide, occupying the sixth position in terms of 
frequency and the third spot in terms of fatality, accounting for over one million new cases and 769000 annual deaths[1-
3]. It is primarily observed in Eastern Europe and Eastern Asia. Noteworthy risk factors include family medical history, 
dietary practices, tobacco use, Helicobacter pylori and Epstein-Barr virus (EBV) infections. Regrettably, the diagnosis of 
gastric cancer is often delayed, with more than half of patients being diagnosed at the stage of advanced metastatic 
cancer, leading to a significantly unfavorable prognosis. The 5-year overall survival (OS) rate in such cases remains below 
5%, and the life expectancy is limited to merely 8 months[1,2].

Up to this point, surgical intervention remains the sole definitive treatment for early-stage gastric cancer when coupled 
with a D2 Lymphadenectomy. Nevertheless, even with this approach, the 5-year OS rate does not exceed 50%[4]. For 
advanced gastric cancer, the recommended management according to the National Comprehensive Cancer Network 
(NCCN) involves the use of double or triple platinum and fluoropyrimidine-based chemotherapy, combined with 
radiation therapy and targeted therapy[2].

In recent years, emerging immunotherapy has exhibited promising outcomes, particularly for patients with 
unresectable, locally advanced, recurrent, or metastatic gastric cancer. There are four principal strategies in immuno-
therapy: Immune checkpoint inhibitors (ICIs), tumor vaccines, adoptive immunotherapy (ACT), and nonspecific 
immunomodulators[1,5]. Targeted therapies function by inhibiting cell growth through the blockade of specific molecular 
pathways and proteins, while immunotherapy stimulates the patient's immune response against cancerous cells. 
However, owing to the diverse molecular subtypes of gastric cancer and the intricate nature of the tumor microenvir-
onment, immunotherapy proves effective only within specific patient subgroups[1,5]. For human epidermal growth 
factor receptor 2 (HER2)-positive gastric cancer, tailored regimens encompassing Trastuzumab, Pembrolizumab, and 
XELOX/PF are employed, while for HER2-negative cases, first-line chemotherapy is combined with nivolumab, 
cindilimab, or tislelizumab[1,2].

IMMUNOTHERAPEUTIC STRATEGIES
The most commonly employed form of immunotherapy among the various alternatives is ICIs. The introduction of 
inhibitors targeting programmed cell death 1 (PD-1) and programmed cell death ligand 1 (PD-L1) has profoundly 
transformed the landscape of cancer management. The interaction between PD-L1 and PD-1 induces T-cell dysfunction, 
exhaustion, and an elevation in their tolerance levels[1,5]. Consequently, the inhibition of PD-1 and PD-L1, as well as 
cytotoxic T lymphocyte-associated antigen-4 (CTLA-4), serves to augment the immune response and activate T-cells. 
Despite the application of immunotherapy, there exist conflicting findings concerning the prognostic implications of PD-
L1 or CTLA-4 positivity in gastric cancer[1,4]. ICIs are currently in clinical use and are undergoing extensive research due 
to their demonstrated lower toxicity, improved tolerability, and potential for yielding superior outcomes when compared 
to conventional chemotherapy. Nowadays the effectiveness of a PD-L1 inhibitor can be foreseen. The assessment of MSI 
status, PD-L1 and PD-1 expression levels as well as the EBV status gives insight for the success rate of ICIs utilization. 
EBV positive tumors, MSI-H tumors, as well as tumors with increased expression of PD-L1 or PD-1 in tumor cells and 
infiltrating immune cells have a significant better response to ICIs[6]. In a meta-analysis conducted by Liu et al[2], various 
ICIs were evaluated for their efficacy and safety. Nivolumab, pembrolizumab, rilotumumab, Andecaliximab (ADX), and 
bevacizumab were associated with superior progression-free survival (PFS), while pembrolizumab and nivolumab 
exhibited improved OS when contrasted with traditional chemotherapy[2]. It is worth noting that these results did not 
achieve statistical significance. In contrast, nimotuzumab and ipataserib demonstrated less favorable outcomes in terms 
of both PFS and OS in comparison to chemotherapy. Bavacizumab and ADX were found to be safer and associated with 
more manageable complications than chemotherapy. Through a subgroup analysis focusing on different types of gastric 
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cancers, Liu et al[2] proposed several regimens deemed most effective:
For patients with CLDN 18.2, the combination of zolbetuximab with chemotherapy led to increased OS and PFS. In 

HER2-negative cases, the most effective regimen was found to be nivolumab in conjunction with chemotherapy, as 
suggested by the findings of the Checkmate-649 study. For individuals with HER2-positive gastric cancer, especially 
those who are untreated, unresectable, or have metastatic disease, the simultaneous use of trastuzumab, pembrolizumab, 
and chemotherapy emerged as the most effective approach, supported by the NCCN guidelines. In cases of MET-1 
positive gastric cancer, no immunotherapy regimen was found to confer significant benefits. Lastly, as a second-line 
treatment for advanced gastric cancer, the utilization of vamucirumab and paclitaxel was proposed[2].

An additional category of immunotherapy involves the utilization of tumor vaccines. There are 4 types of tumor 
vaccines: cell-based, protein- or peptide-based, or gene-based (DNA/RNA), predominantly relying on dendritic cells 
(DCs) as their primary adjuvants. DCs are acknowledged as antigen-presenting cells (APCs) that, through the processing 
and presentation of antigens to T-cells, evoke and regulate the adaptive immune response in patients. Consequently, the 
employment of DCs as an immunotherapeutic measure holds the potential to activate and modulate an anti-tumor 
immune response[1,7]. Notably, DCs vaccines are designed to exclusively target tumor neoantigens, thereby instigating a 
personalized approach that has demonstrated the capability to induce complete tumor regression, as evidenced in clinical 
trials, rendering them a prominent subject of contemporary research[1,8]. DCs fused with gastric cancer cells or carrying 
peptides and RNAs may stimulate effectively the patients immune response. Right now 20 out of 23 trials on tumor 
vaccines, concern DCs vaccines. M-RNA vaccines are a great alternative, with increased efficacy and a rapid immune 
response. These vaccines when combined with chemotherapies based on cisplatin and 5-fluorouracil on clinical trials give 
encouraging results[5]. Nevertheless, the domain of gastric cancer presents a formidable challenge due to increased 
immunogenicity, antigenic shifts, and immune evasion when attempting to target tumor antigens. The immune system's 
evasion is principally attributed to the fact that these neoantigens are typically present in other tissues, consequently 
eluding recognition by APCs[1,7]. According to a bibliometric analysis conducted by Li et al[1], there have been 23 clinical 
trials aimed at elucidating the efficacy of tumor vaccines[1].

One of the most pivotal forms of immunotherapy is ACT. The fundamental concept underlying this technique is to 
transfer lymphocytes and other immune cells with the purpose of fortifying the anti-tumor response, generating effector 
T-cells that specifically target tumor antigens, and enhancing the function of regulatory T-cells, ultimately leading to 
improved outcomes and prognosis[1]. Physicians have at their disposal five distinct types of adaptive immunotherapy:

Tumor-infiltrating lymphocytes (TIL) therapy, which harnesses immune cells from within the tumor, enabling 
improved recognition of tumor antigens, heightened specificity, and reduced toxicity. The assessment of TIL serves as a 
valuable biomarker, and the coexistence of PD-1-positive and TIL-positive entities in gastric cancer correlates with 
superior outcomes in terms of PFS and OS[1,5].

Engineered T cell receptor (TCR) therapy, which operates by presenting antigens with specific Major Histocompat-
ibility Complex (MHC) molecules, resulting in effective tumor regression. However, the use of high-avidity TCRs may 
give rise to significant toxicity[1,5].

Chimeric antigen receptor T-cell (CAR-T) therapy, sharing a similar principle, employs genetically engineered T cells 
capable of recognizing tumor antigens independently of MHC molecules. The fourth generation of CAR-T therapy 
circumvents immunosuppression and mitigates toxicity. Common targets include mesothelin, ANTXR1, MUC3A, and 
CLDN 18.2, with the latter being a subject of ongoing clinical trials[1,5,9].

Natural killer (NK) cell therapy, the fourth category of immunotherapy, leverages the potential of increased numbers 
of functional NK cells to enhance patient outcomes. In patients with gastric cancer, NK cells often exhibit an elevated 
expression of PD-1, exacerbating the prognosis. In animal models, the simultaneous use of interleukin-2 activated NK 
cells with anti-PD-1 treatment has been shown to impede tumor growth and facilitate immune cell infiltration into the 
tumor. However, NK cell therapy necessitates substantial quantities of effective NK cells, limiting its applicability[1,5,10].

Lastly, cytokine-induced killer cells represent a viable alternative, combining the cytotoxic and anti-tumor capabilities 
of CD3+CD56- T cell and CD3+CD56+ T-lymphocytes while operating without the constraints of MHC molecules[1,5].

CONCLUSION
Since the development of the ICIs, the field of immunotherapy is advancing with significant rates. Many novel 
approaches are under extended research and in clinical trials in order to assess the efficacy of each therapy and the 
toxicity deriving from their use. Nowadays the use of immunotherapy tends to integrate more and more in order to 
achieve precision medicine and the detection of novel biomarkers will assist to a better tailored and personalized use of 
these therapies.
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Abstract
Portal hypertension (PH) has traditionally been observed as a consequence of 
significant fibrosis and cirrhosis in advanced non-alcoholic fatty liver disease 
(NAFLD). However, recent studies have provided evidence that PH may develop 
in earlier stages of NAFLD, suggesting that there are additional pathogenetic 
mechanisms at work in addition to liver fibrosis. The early development of PH in 
NAFLD is associated with hepatocellular lipid accumulation and ballooning, 
leading to the compression of liver sinusoids. External compression and intra-
luminal obstacles cause mechanical forces such as strain, shear stress and elevated 
hydrostatic pressure that in turn activate mechanotransduction pathways, 
resulting in endothelial dysfunction and the development of fibrosis. The spatial 
distribution of histological and functional changes in the periportal and perisi-
nusoidal areas of the liver lobule are considered responsible for the pre-sinusoidal 
component of PH in patients with NAFLD. Thus, current diagnostic methods 
such as hepatic venous pressure gradient (HVPG) measurement tend to underes-
timate portal pressure (PP) in NAFLD patients, who might decompensate below 
the HVPG threshold of 10 mmHg, which is traditionally considered the most 
relevant indicator of clinically significant portal hypertension (CSPH). This creates 
further challenges in finding a reliable diagnostic method to stratify the 
prognostic risk in this population of patients. In theory, the measurement of the 
portal pressure gradient guided by endoscopic ultrasound might overcome the 
limitations of HVPG measurement by avoiding the influence of the pre-sinusoidal 
component, but more investigations are needed to test its clinical utility for this 
indication. Liver and spleen stiffness measurement in combination with platelet 
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count is currently the best-validated non-invasive approach for diagnosing CSPH and varices needing treatment. 
Lifestyle change remains the cornerstone of the treatment of PH in NAFLD, together with correcting the 
components of metabolic syndrome, using nonselective beta blockers, whereas emerging candidate drugs require 
more robust confirmation from clinical trials.

Key Words: Non-alcoholic fatty liver disease; Portal hypertension; Mechanotransduction; Endothelial dysfunction; Hepatic 
venous pressure gradient

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Portal hypertension (PH) occurs in patients with cirrhosis, but in non-alcoholic fatty liver disease (NAFLD) it is 
sometimes observed in non-cirrhotic stages due to perisinusoidal fibrosis and damage to liver microcirculation. The severity 
of PH tends to be underestimated by hepatic venous pressure gradient (HVPG) measurement in NAFLD, potentially due to 
the presence of pre-sinusoidal component, and some patients decompensate at HVPG < 10 mmHg. Liver elastography needs 
further validation in obese patients as it might overestimate the severity of PH. While candidate drugs for PH are currently in 
development, lifestyle changes and modulation of metabolic derangements remain the mainstay of treatment.

Citation: Madir A, Grgurevic I, Tsochatzis EA, Pinzani M. Portal hypertension in patients with nonalcoholic fatty liver disease: 
Current knowledge and challenges. World J Gastroenterol 2024; 30(4): 290-307
URL: https://www.wjgnet.com/1007-9327/full/v30/i4/290.htm
DOI: https://dx.doi.org/10.3748/wjg.v30.i4.290

INTRODUCTION
Portal hypertension (PH) plays a crucial prognostic role in chronic liver disease (CLD), including non-alcoholic fatty liver 
disease (NAFLD). PH develops during the evolution of CLD as a result of the increased accumulation of extracellular 
matrix in the liver, leading to elevated resistance to the portal blood flow, further aggravated by the distortion of the liver 
architecture and vascular network, which is caused by the formation of regenerative nodules. In addition to this static 
component, a reversible element of the heightened resistance derives from the contraction of hepatic stellate cells (HSCs) 
around the liver sinusoids, which is activated by the underlying pathogenetic process. This results in the development of 
PH at the sinusoidal level, which is typical for viral hepatitis and alcohol-related liver disease (ALD).

Current knowledge of the pathophysiology, diagnosis and treatment of PH relies predominantly on the data 
accumulated from the studies conducted regarding these two aetiologies of CLD. Considering the changing aetiological 
landscape of CLD, with NAFLD becoming the leading cause of liver-related morbidity, it is important to understand all 
aspects pertaining to the PH arising in the context of NAFLD. Based on recent reports, the development, diagnosis and 
prognosis of PH in NAFLD might not completely fit into the existing paradigms and rules established with chronic viral 
hepatitis and ALD. This article aims to describe the present understanding of the topic, as well as to highlight the unmet 
needs and controversial issues in the diagnosis and management of PH in patients with NAFLD.

PATHOPHYSIOLOGICAL BACKGROUND
General aspects of the development of portal hypertension in chronic liver diseases
Portal hypertension is defined as a clinical syndrome caused by elevated blood pressure in the portal venous system. 
Patients who suffer from advanced chronic liver disease (ACLD), especially cirrhosis, have an increased risk of 
developing PH[1,2]. Liver cirrhosis arises as the result of prolonged liver damage caused by various aetiological agents 
that finally lead to the replacement of the healthy parenchyma with fibrotic tissue, the formation of regenerative nodules 
and the distortion of the microarchitecture, including the liver vascular network[3,4]. In the portal tracts located at the 
periphery of the hepatic lobule (zone 1), terminal branches of both the hepatic artery and portal vein join into liver 
sinusoids and form a complex capillary network that drains into the centrilobular area of the central vein outflow (zone 3)
[5,6]. Arteriolar inflow needs to be efficiently controlled to prevent damage and shear stress to liver sinusoids because of 
the very high arterial hydrostatic pressure, which is up to 40 times higher relative to that present in terminal branches of 
the portal vein[6-8]. Vasoregulatory changes in both intrahepatic and systemic circulation have an important role in the 
development and further aggravation of PH in individuals with cirrhosis. Hepatic causes of PH are essentially classified 
into three types according to the main location of the blood flow disturbance in the hepatic circulation: pre-sinusoidal, 
sinusoidal and post-sinusoidal[9,10]. Sinusoidal PH is the most common type, and it typically occurs in cirrhosis patients
[11]. The principal causes of intrahepatic PH are depicted in Table 1.
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Table 1 Principal intrahepatic causes of portal hypertension (adapted based on references[1,9])

Pre-sinusoidal Sinusoidal Post-sinusoidal

Developmental abnormalities: Fibrosis in the space of Disse: Granulomatous phlebitis:

    Adult polycystic liver disease     Metabolic cause: non-alcohol-associated fatty liver disease, Zellweger 
syndrome

    Mycobacterium avium infection

    Congenital hepatic fibrosis     Inflammatory cause: schistosomiasis, viral hepatitis B and C, chronic Q 
fever, cytomegalovirus

    Mycobacterium intracellular 
infection

    Arteriovenous fistulas     Induced by drugs or toxins: amiodarone, methotrexate, alcohol, vinyl 
chloride, copper

    Sarcoidosis

Porto-sinusoidal vascular disease: Early alcohol-associated liver disease (defenestration) Primary vascular malignancies:

    Idiopathic non-cirrhotic portal 
hypertension

    Epithelioid haemangioen-
dothelioma

    Angiosarcoma

Granulomatous liver disease: Microvesicular steatosis hypertrophied hepatocytes Phlebosclerosis of hepatic veins:

    Schistosomiasis (bilharzia)     Alcohol-associated liver disease

    Mineral oil granuloma     Chronic radiation injury

    Sarcoidosis     Hypervitaminosis A

Biliary diseases: Infiltrative diseases: Lipogranulomas:

    Autoimmune cholangiopathy     Idiopathic myeloid metaplasia     Mineral oil granuloma

    Primary sclerosing cholangitis     Gaucher disease

    Toxic biliary injury     Mastocytosis

    Biliary cholangitis

Neoplastic occlusion of the intrahepatic 
portal vein

Amyloid or light-chain deposition in the space of Disse Sinusoidal obstruction syndrome

Acute hepatic injury Budd-Chiari syndrome

The impact of lipid accumulation on PH development in early NAFLD
Hepatocyte ballooning occurs early in NAFLD pathogenesis because of the accumulation of cholesterol and fatty acids 
within the cytoplasm of hepatocytes[5,12]. Lipid-laden hepatocytes cause external sinusoidal compression, leading to 
increased intrahepatic vascular resistance (IHVR) and shear stress[5,13]. These sinusoids, which are deformed, tortuous 
and up to 50% narrower, are mostly located in the periportal region of hepatic lobules and impose a heightened resistance 
to portal blood flow before it enters the sinusoids[14,15]. Another structural change in NAFLD contributing to IHVR 
development is the formation of lipogranulomas commonly located near terminal hepatic venules, which are dispersed in 
portal tracts and the hepatic acinus[16,17]. Steatonecrosis, an event caused by the disintegration of hepatocytes due to 
excessive lipid accumulation[14,18], results in the liberation of lipid droplets which travel through the Disse space and the 
endothelium and fill the sinusoid as a sinusoidal lipid embolus[14].

The impact of the activation of neutrophils on PH development
The stretching of liver sinusoidal endothelial cells (LSECs) caused by the enlargement of hepatocytes activates Notch-
dependent neutrophil chemotaxis[19]. Together with neutrophil chemotactic chemokines, which are produced by 
hepatocytes and HSCs, these signals have a crucial role in the recruitment of  leukocytes and formation of neutrophil 
extracellular traps (NETs)[19], intraluminal web-like structures composed primarily of deoxyribonucleic acid (DNA)-
histone complexes originating from neutrophils, which bind pathogens[20] and impose a barrier that leads to increased 
fluid shear stress at the level of sinusoids[21]. Thus, lipid accumulation in hepatocytes, with the consequent deformation 
of sinusoids, combined with the formation of lipogranulomas and NETs, as well as lipid emboli, contributes to sinusoid 
hypoperfusion[13,22,23], microvascular thrombosis[24] and the development of PH, with heightened presinusoidal 
resistance in NAFLD[13,25].

The principal mechanisms of portal hypertension development in NAFLD are illustrated in Figure 1.

Animal models supporting the role of liver steatosis in the development of PH
The association between increased portal vein pressure (PVP) and steatosis has been observed in numerous animal 
experimental models. One of the oldest experiments confirming this connection was carried out almost 50 years ago. 
Donryu rats were fed a choline-deficient diet for eight to 38 weeks. Two thirds of the rats died during the feeding period 
and 27 developed a fatty liver (n = 7), some with fibrosis (n = 8) and others with cirrhosis (n = 12)[5,15]. The results 
showed a decrease in portal blood flow, an increase in PVP and a narrowing of sinusoids without visible abnormalities in 
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Figure 1 Development of portal hypertension in non-alcoholic fatty liver disease. A: Ballooning of hepatocytes are caused by excessive lipid uptake. 
Pathogen-associated molecular patterns (PAMPs), along with other products of intestinal dysbiosis, arrive at the liver via the portal blood flow and act on liver 
sinusoidal endothelial cells (LSECs) and Kupffer cells (KCs) from the luminal side of the sinusoid; B: Excessive lipid accumulation in hepatocytes and PAMPs trigger 
inflammation by cytokine secretion and immune cell infiltration; C: Immune cell infiltration leads to steatonecrosis, apoptosis and hepatic stellate cells (HSCs) 
activation; D: Hepatocytes dying by steatonecrosis and apoptosis release damage-associated molecular pattern molecules, causing the activation of KCs and 
subsequently HSCs. The destruction of lipid-laden hepatocytes incites lipid embolus liberation in the sinusoidal lumen. Lipid droplets participate in lipogranuloma 
formation, which interferes with sinusoidal blood flow and results in elevated intrahepatic vascular resistance (IHVR); E: Activated HSCs transdifferentiate to 
proliferative, contractile and collagen-producing myofibroblasts which secrete vascular endothelial growth factor (VEGF) and inflammatory chemokines such as 
neutrophil chemotactic chemokines and synthesize α-smooth muscle actin. Notch-dependent neutrophil chemotaxis is also activated by the stretching of LSECs 
caused by the enlargement of hepatocytes and the liver; F: Stretch-activated LSECs promote the creation of neutrophil extracellular traps (NETs), web-like structures 
composed primarily of DNA-histone complexes originating from neutrophils. NETs contribute to the creation of microthrombi; G: The activation of HSCs is a key event 
mediating the elevation of IHVR by contracting around the sinusoid. IHVR is also elevated by extrasinusoidal compression caused by swollen steatotic hepatocytes 
and increased shear stress produced by intraluminal obstacles such as NETs; H: Sinusoid capillarization and the endothelial dysfunction of LSECs are important 
events that promote the activation of HSCs and KCs, initiating liver fibrosis and inflammation promotion; I: Myofibroblasts and mechanical forces lead to collagen and 
hyaluronic acid deposition in the space of Disse, causing an excessive increase in extracellular matrix (ECM) stiffness. The cross-linking of ECM proteins and 
collagen leads to the formation of perisinusoidal fibrosis; J: Angiogenesis occurs as liver fibrosis progresses. Stretched lipid-laden hepatocytes, HSCs, portal 
myofibroblasts and macrophages stimulate angiogenesis by producing a greater amount of VEGF and other similar mediators as a response to shear stress, hypoxia 
and inflammation. qHSC: Quiescent hepatic stellate cell; aHSCs: Activated hepatic stellate cells; DAMPs: Damage-associated molecular pattern molecules; αSMA: α-
smooth muscle actin; FA: Fatty acid; HA: Hyaluronic acid; CXCL: Chemokine (C-X-C motif) ligand 1; α-SMA: Alpha-smooth muscle actin; MPO: Myeloperoxidase; 
PAI-1: Plasminogen activator inhibitor-1; ATX: Autotaxin; LPA: Lysophosphatidic acid.

the pre- and post-sinusoidal vessels. All these findings were detected in rats with steatosis without fibrosis, suggesting 
that steatosis alone is sufficient for the formation of PH[5,10]. In another experimental NAFLD model, obese male Zucker 
rats with high-grade hepatic steatosis without cirrhosis were studied in comparison with lean rats aged 25 to 30 weeks (n 
= 7 vs 7). Compared to the control animals, an increment in IHVR and reductions of 35% to 38% in the total hepatic blood 
flow and portal venous flow were observed[5,26]. Francque et al[27] conducted a similar study on male Wistar rats given 
a methionine-choline-deficient (MCD) diet (n = 30) while another group was fed a control diet (n = 30) for four weeks. 
The two groups were compared through in vivo haemodynamic measurements and in situ perfusion experiments, as well 
as vascular corrosion and liver tissue and serum analysis. In the MCD diet group, the histopathology showed severe 
steatosis without evidence of inflammation or fibrosis, and the portal pressure gradient was significantly elevated, 
indicating an increased intrahepatic resistance, while vascular corrosion casts demonstrated a replacement of the regular 
sinusoidal anatomy by a sinusoidal wall with a disorganized pattern, in addition to vascular extensions and multiple 
interconnections. An increase in the expression of vasoconstrictor molecules and enzymes [thromboxane synthase and 
endothelin-1 (ET-1)] was also registered[27].

The impact of endothelial dysfunction on PH development in NAFLD
Endothelial dysfunction is defined as the loss of various key functions of the endothelium[28,29], chiefly characterized by 
a lower response of LSECs to the endothelium-dependent vasodilator acetylcholine[30] and a decrease in the production 
and release of endothelium-driven vasodilatory factors such as nitric oxide (NO)[31,32]. In a normal liver, hepatocytes 
release low levels of vascular endothelial growth factor (VEGF), which helps LSECs to generate NO through a cytosolic 
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calcium increase, leading to calmodulin binding and the activation of endothelial nitric oxide synthase (eNOS)[33,34]. To 
maintain physiological pressure in the sinusoids, shear stress induced by blood flow represents a constant stimulus of NO 
production in LSECs[35]. The first step in the development of endothelial dysfunction is the reduced production of NO
[36] supplied by lessened protein kinase B (Akt)-dependent eNOS phosphorylation, causing diminished eNOS activity
[30]. A very important molecule in the endothelial production of NO is insulin[37]. Insulin activates NO release through 
Akt via the Ca2+-independent pathway[37,38]. The disruption of insulin signaling observed in insulin resistance impairs 
the endothelial production of NO[38,39]. Decreased NO bioavailability[40] can also be generated by increased intra-
cellular levels of reactive oxygen species[41] because of excessive lipid accumulation in the liver, endoplasmic reticular 
stress and mitochondrial dysfunction[10,42,43]. Elevated ROS concentrations reduce the amount of bioactive NO through 
direct chemical interactions, inducing the formation of toxic peroxynitrite[44]. The latter uncouples eNOS to become a 
dysfunctional superoxide-generating enzyme, which additionally contributes to vascular oxidative stress[44]. eNOS 
dysfunction is also caused by the formation of eNOS inhibitors[45] such as asymmetric dimethylarginine[46], a paracrine 
and a competitive inhibitor of eNOS. The reduced bioavailability of NO can lead to sinusoidal contraction through the 
activation of perisinusoidal HSCs, resulting in increased IHVR and the elevation of portal pressure[47]. Sinusoidal 
dysfunction and IHVR in NAFLD pathogenesis are represented in feedback loops and interactions between LSECs, 
hepatocytes, Kupffer cells, hepatic stellate cells and other immune system cells[10]. The chronology of changes in the 
structural and functional causes of IHVR is difficult to establish due to the complexity of cell-cell interactions[48].

The impact of vascular dysregulation on PH development in NAFLD
In NAFLD-ballooned hepatocytes, activated HSCs and macrophages stimulate angiogenesis by producing a greater 
amount of VEGF as a response to shear stress, hypoxia and inflammation[5,49]. Liver steatosis induces hypoxia by both a 
mechanical pressure on sinusoids and an excessive lipid metabolism which increases oxygen consumption[49]. Increased 
VEGF levels in NAFLD promote angiogenesis (the formation of new blood vessels)[50] and qualitative changes in liver 
vessels called vascular remodeling[49,51]. Sinusoidal capillarization, an early morphological feature of endothelial 
dysfunction, is marked by a dedifferentiation of LSECs, as well as the formation of the basal membrane and loss of 
fenestration, and represents an example of qualitative vascular remodeling[49,52]. Both angiogenesis and sinusoidal 
capillarization contribute to the distortion of the normal liver vascular network, blood shunting with consequent tissue 
hypoxia and deranged metabolic exchange across the endothelial interface[53]. The triggers of sinusoidal capillarization 
have not been fully elucidated[54], but it is believed that capillarization occurs as a result of the exposure of LSECs to 
extreme lipid accumulation in parenchymal cells and a surplus amount of circulating lipids in the sinusoidal blood flow
[30]. As a response to disproportionate lipid exposure, LSECs express lipid-induced adhesion molecules, integrins 
(vascular cell adhesion molecule 1, intercellular adhesion molecule, E-selectin and vascular adhesion protein 1), leading to 
the induction of the recruitment of leukocytes and their translocation into the liver parenchyma[55]. The excessive 
exposure of LSECs to lipids may cause mitochondrial dysfunction, DNA damage in hepatocytes, endoplasmic reticulum 
stress and cytoskeleton alterations[56]. A perfusion of hepatic sinusoids can also be aggravated by functional 
impairments, such as the contracting and swelling of LSECs in response to vasoactive mediators produced by ballooned 
hepatocytes, e.g., ET-1[23,57]. However, it is important to note that the main liver cells involved in controlling the 
sinusoidal diameter are perisinusoidal HSCs, also known as liver-specific pericytes[58,59]. Lipid-laden hepatocytes 
secrete microparticles that promote angiogenesis[60]. Examples of such molecules are vanin-1 and annexin V, which are 
isolated in the blood of perisinusoidal spaces and produced by stretched and/or compressed centrilobular hepatocytes[5,
60]. Damage in the periportal vascular area may also play an important pathogenic role in NAFLD-dependent PH[5,10]. 
A high degree of steatosis or periportal fibrosis leads to a poor regulation of arteriolar inflow and creates shear stress in 
liver sinusoids, which are low-pressure, low-flow vascular channels linking the periportal area of portal inflow (zone 1) to 
the centrilobular area of central vein outflow (zone 3)[5]. Between zone 1 and zone 3, intralobular arterioles occasionally 
drain to sinusoids[61]. The influence of “arterial twigs” on sinusoidal flow has not been fully clarified, but they may 
represent zones of higher pressure[61]. A recently conducted study showed that splanchnic vasodilatation in NAFLD also 
contributes to the rise in portal pressure long before the development of cirrhosis[62]. Splanchnic vasodilatation and 
hyperdynamic circulation in NAFLD-dependent PH are characterized by low arterial responsiveness to a vasoconstrictor 
mediator, a rise in portal venous and mesenteric arterial blood flow and a decrease in main arterial blood pressure[62,63]. 
Numerous vasoactive mediators (calcitonin gen-related peptide, glucagon, NO, platelet-activating factor, atrial natriuretic 
peptide and adrenomedullin, as well as bile salts and endocannabinoids) are involved in the arteriolar vasodilatation in 
the visceral vascular bed that drains into the portal circulation[11,64] and results in an increase in portal inflow and 
pressure[11,64].

The mechanisms that are important in the development of endothelial dysfunction and capillarization are shown in 
Figure 2. To summarize the information about early pathophysiological changes in the development of PH in NAFLD, 
external compression and intraluminal obstacles (e.g., microthrombi, lipid emboli and neutrophil traps) caused by 
structural changes in NAFLD result in impaired sinusoidal blood flow and may contribute to the development of PH in 
early NAFLD. Mechanotransduction pathways activated by multiple mechanical forces such as strain, shear stress and 
hydrostatic pressure result in endothelial dysfunction and fibrosis development, contributing to the maintenance and 
progression of PH.

The role of increased portal pressure in NAFLD pathogenesis
PH in NAFLD begins to develop as a result of IHVR and the de-differentiation of liver cells[35]. The initial site of IHVR 
formation is the hepatic sinusoid[65], while the distal segment of the preterminal portal venule serves as a sphincter for 
blood redistribution[66]. IHVR has two components, which are structural[67] and functional[68], characterized by extrasi-
nusoidal and intrasinusoidal disturbances[35]. Total available space within the liver capsule in NAFLD becomes 
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Figure 2 Development of endothelial dysfunction and capillarization. A: The initial step in the development of endothelial dysfunction is the reduced 
production of nitric oxide (NO) caused by decreased endothelial nitric-oxide synthase (eNOS) activity and the low response of liver sinusoidal endothelial cells 
(LSECs) to acetylcholine; B: Reduced NO bioavailability can be caused by insulin resistance, heightened intracellular levels of reactive oxygen species and the 
formation of eNOS, paracrine and competitive inhibitors such as asymmetric dimethylarginine; C: Low levels of NO paired with increased endothelin 1 (ET-1) 
synthesis lead to sinusoidal contraction through the activation of perisinusoidal hepatic stellate cells (HSCs), resulting in elevated intrahepatic vascular resistance and 
the elevation of portal pressure; D: As a response to shear stress, hypoxia and inflammation, lipid-laden hepatocytes, cholangiocytes, LSECs, activated HSCs and 
Kupffer cells stimulate angiogenesis by producing an excessive amount of vascular endothelial growth factor (VEGF); E: Hypoxia in fatty liver is induced by 
mechanical pressure on sinusoids and increased lipid metabolism. Elevated VEGF concentrations lead to the promotion of angiogenesis and fibrogenesis by the 
increased fibrogenic functions of HSC, as well as LSEC capillarization and the secretion of hepatocyte growth factor. Capillarization, marked by the formation of the 
basal membrane and loss of fenestration, occurs as a result of LSECs exposure to lipid accumulation in parenchymal cells and a great amount of circulating lipids in 
the blood; F: As a response to excessive lipid exposure, LSECs express lipid-induced adhesion molecules (VCAM-1, VAP-1, etc.), activate Kupffer cells through the 
secretion of pro-inflammatory cytokines and induce leukocyte recruitment and their translocation into the liver parenchyma; G: Capillarized LSECs also activate HSCs 
through the release of angiocrine signals such as VEGF, transforming growth factor and hedgehog signals. Activated HSCs begin to deposit extracellular matrix, 
which increases tissue stiffness, further stimulating HSC activation; H: Shear stress downregulates the expression of ET-1 via Krüppel-like factors 2 (KLF2) activation. 
LSECs overexpress KLF2 to maintain HSCs in a quiescent state as a compensatory mechanism to manage vascular dysfunction. Unfortunately, this is an insufficient 
mechanism for preventing portal hypertension development. ACh: Acetylcholine; aHSC: Activated hepatic stellate cell; KC: Kupffer cell; ROS: Reactive oxygen 
species; HIF: Hypoxia-inducible factor; M-CSF: Macrophage colony-stimulating factor; MCP1: Monocyte chemoattractant protein-1; IR: Insulin resistance; ADMA: 
Asymmetric dimethylarginine; HGF: Hepatocyte growth factor; VCAM-1: Vascular cell adhesion molecule 1; VAP-1: Vascular adhesion protein-1; IL-1: Interleukin-1; 
IL-6: Interleukin-6; TNFα: Tumor necrosis factor α; TGF-β: Transforming growth factor; Hh: Hedgehog signals.

restricted as a result of lipid accumulation and hepatocellular swelling, leading to a volumetric squeeze and consequently 
to a reduction in the sinusoidal spaces and a drop in blood flow[15,69,70] Mechanical forces taking place in the sinusoidal 
microenvironment of NAFLD (such as increased hydrostatic pressure, strain and shear stress) cause the deformation of 
cellular structures such as caveolae and plasma membrane lipid rafts, and result in an excessive extracellular matrix 
(ECM) deposition in the perisinusoidal space of Disse as well as sinusoidal hypercontractility. They also modify the 
conductivity of ion channels, expose new protein-binding sites and change the activity of transmembrane receptors[35,71,
72]. The increase in ECM stiffness that results from the cross-linking of ECM proteins and collagen[73,74] is detected by 
integrins, mechanosensitive transmembrane proteins that initiate key biological processes upon stretch-induced conform-
ational changes[74,75]. These are also involved in the binding and recruitment of cytoskeleton linker proteins[76], the 
activation of the transforming growth factor-β (TGF-β) signaling pathway[77] and the conformational alteration of ion 
channels[78]. Structural changes caused by steatosis in connection with mechanical forces induced by ECM accumulation 
and haemodynamic changes, as described previously, lead to the compression and/or stretching of liver cells and 
stimulation of signaling pathways[35], including the contraction and relaxation of the actin filament of the hepatocyte 
cytoskeleton that result in increased intracellular tension[35,79,80]. Intracellular tension pulls ECM-bound integrins, 
which then organize into focal adhesions and, together with adaptor proteins, strengthen the ECM-cytoskeleton 
connection[35,79,80]. The tension generated in the cytoskeleton is transmitted through the linker of the nucleoskeleton 
and cytoskeleton complex[35,79,80]. The deformation of the nucleus, which is proportional to the stiffness of the ECM
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[81], affects the change in the gene expression by changing the permeability of the nuclear membrane and altering the 
rheology of chromatin[35]. This causes the translocation of transcription factors and co-factors[79] such as the yes-
associated protein (YAP)/transcriptional coactivator with PDZ-binding motif (TAZ)[82]. The co-factors YAP/TAZ are 
mechanosensitive and can detect fluid shear stress, as well as increases in liver cell density and changes in ECM stiffness
[83]. YAP/TAZ regulate the biological behavior of liver cells and the profibrotic response through an insufficiently 
elucidated mechanism[84,85], resulting in the further accumulation of fibrosis[86,87]. Other important transcription 
factors are myocardin-related transcription factor-A[88] and zyxin, part of the mechanosensing FA complex[89]. These 
factors translocate to the nucleus as a result of cell stretching and regulate the expression of genes related to inflam-
mation, proliferation and cell apoptosis[35,76,89-91].

In conclusion, disrupted mechanical homeostasis in liver sinusoids is the key contributor to the pathogenesis of 
NAFLD, caused by intracellular lipid accumulation, enhanced ECM stiffness and altered functions in the contractile 
cytoskeleton that finally lead to further fibrosis accumulation and cellular contractility, representing the positive feedback 
loop mediated through the mechanotransduction pathways.

The development of fibrosis and its impact on PH
In NAFLD, excessive lipid accumulation triggers inflammation through cytokine secretion and immune cell infiltration
[92]. The initiation of the inflammatory response leads to hepatocyte necrosis, apoptosis[93] and HSC activation[94,95] as 
the characteristic features of non-alcoholic steatohepatitis (NASH), in which a large amount of free fatty acids released 
from the injured hepatocytes, as well as damage-associated molecular patterns (DAMPs), are removed by Kupffer cells
[96-98]. The latter release profibrogenic growth factors (TGF-β and platelet-derived growth factor)[99] that, in conjunction 
with ROS, pro-inflammatory cytokines (interleukin-6, interleukin-10 and tumor necrosis factor α)[100,101] and products 
of lipid peroxidation[102], along with endothelin and fibronectin produced by capillarized LSECs, result in HSC 
activation[5]. Activated HSCs transdifferentiate from the quiescent phenotype to proliferative, contractile and collagen-
producing myofibroblasts[103]. These cause the synthesis of ECM through the production of collagen (types I, III and V) 
and hyaluronic acid[103]. In addition to the ECM products, myofibroblasts also synthesize α-smooth muscle actin[104], a 
hallmark of HSC activation[105], and release VEGF and chemokines such as macrophage colony-stimulating factor and 
monocyte chemoattractant protein-1 . Collagen is deposited in the space of Disse as an early phenomenon in NAFLD that 
generates the formation of perisinusoidal fibrosis and narrowing of the sinusoidal lumen[5]. Fibrosis in NAFLD develops 
in the pericellular space around the central veins and in the perisinusoidal space of zone 3[106], whereas the fibrosis 
pattern in other chronic liver diseases initially shows a portal instead of a pericentral distribution[107]. Due to the specific 
distribution of fibrosis in patients with NAFLD, PH may occur before the development of cirrhosis[107]. Increased ECM 
stiffness sends a positive feedback signal to HSCs, contributing to the further progression of liver fibrosis[35]. This results 
in the remodeling of the liver architecture and the formation of cirrhotic nodules with the additional distortion of hepatic 
microcirculation[108,109]. Both the structural component, represented by accumulated fibrosis with narrowed sinusoids 
and a distorted microvascular network, and the dynamic one resulting from endothelial dysfunction and myofibroblast 
contraction (with the latter considered responsible for 20%-30% of the IHVR) contribute to the rise in portal pressure[110,
111].

In conclusion, the development of liver fibrosis has a fundamental influence on the advancement and further 
aggravation of PH, not only as the structural barrier to the intrahepatic blood flow, but also by inducing the secretion of 
local vasoactive mediators. This leads to vascular dysregulation and the functional deterioration of endothelial 
dysfunction that additionally aggravates IHVR[5,35].

PORTAL HYPERTENSION IN RELATION TO THE STAGE OF LIVER FIBROSIS AND GRADE OF  
STEATOSIS: CLINICAL DATA
Large-scale epidemiological investigations focused on the prevalence of PH among the NAFLD patients are lacking. 
However, several clinical studies have been conducted to investigate the relationship between the development and 
severity of PH and the histological and clinical features of NAFLD. In a cohort of 50 overweight patients who underwent 
transjugular liver biopsy (TJLB) coupled with HVPG measurements, PH (HVPG > 5 mmHg) was diagnosed in 14 (28%) of 
subjects and the only histological parameter that differed between them and those without PH was a higher grade of 
steatosis (P = 0.016). In the group with PH, only 21% of patients had advanced fibrosis/cirrhosis. The independent clinical 
predictors of PH were waist circumference (P = 0.008) and the homeostatic model assessment for insulin resistance 
(HOMA IR; P = 0.043)[112]. In a prospective cohort study that included 40 obese patients who underwent TJLB (30% with 
diabetes, 70% with NASH) and HVPG measurements, PH was found in eight (20%) patients, and none had cirrhosis. The 
presence of PH positively correlated with the proinflammatory blood cytokine profile as well as with microvascular 
changes in the form of sinusoidal dilatation, previously reported as an early histological change in severe steatosis even in 
the absence of advanced fibrosis[27,113]. In an observational investigation, in a cohort of 354 subjects with biopsy-
confirmed NAFLD, 100 patients exhibited clinical signs of PH (the presence of at least one of esophageal varices (EV), 
portosystemic encephalopathy, splenomegaly or ascites). Among them, 77 had liver cirrhosis and 11 had bridging fibrosis 
(stage F3). However, signs of PH were also present even in 12 (12%) patients who had no or only mild fibrosis (stages F0-
F2)[107]. PH was increasingly detected in patients at a more advanced stage of fibrosis (r = 0.48, P = 0.006). In the F0-F2 
subgroup (n = 204), a comparison between those with PH (n = 12) and those without PH (n = 192) was made, and the only 
histological feature that was significantly different between the groups was a higher grade of liver steatosis in patients 
with PH (mean grade 2.3 ± 0.5 vs 1.9 ± 0.7, P = 0.03). This work provides evidence that even clinically significant PH may 
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exist before liver fibrosis enters an advanced stage, which is classically considered the threshold for PH development, and 
this might be caused by fat overload leading to the progressive enlargement of hepatocytes and reduction of the 
sinusoidal lumen[10,107].

In another investigation, 14/89 (16%) patients with clinically significant portal hypertension (CSPH) diagnosed by 
HVPG measurement were found to not have cirrhosis, and seven had stages F0-F2 (five were diagnosed with NASH). All 
these patients had perisinusoidal fibrosis and 8/14 had hepatocyte ballooning[114]. Based on these results, it becomes 
clear that patients with NAFLD may have PH and even CSPH without cirrhosis. Somewhat different results came from a 
study that investigated the prevalence of PH in a cohort of 292 NAFLD patients with metabolic syndrome associated with 
a liver stiffness measurement (LSM) > 8 kPa and/or liver blood test abnormalities (alanine aminotransferase > upper 
limit of normal), with no prior liver decompensation events. These patients were referred for TJLB and HVPG 
measurements, and 75/292 had liver cirrhosis. Among the 217 non-cirrhotic patients, 36 had PH (only one had CSPH), 
and there was no difference in steatosis or inflammatory grade between the patients with and without PH[115]. The only 
patient who presented with CSPH in the non-cirrhotic group was a young woman with Alström syndrome, severe type 2 
diabetes, arterial hypertension and obesity. To compare, in the group of 75 patients with cirrhosis, PH was present in 53 
(71%), CSPH in 38 (51%) and severe PH in 29 (39%). Accordingly, whereas PH might appear even in a non-cirrhotic liver, 
severe PH was not observed in NAFLD patients in the absence of cirrhosis[115].

Portal hypertension and advanced cirrhosis, regardless of aetiology, are traditionally associated with splenomegaly
[116]. Interestingly, the results of a recent retrospective study in a large population of patients with biopsy-proven 
NAFLD revealed a strong correlation between splenomegaly and increased body weight, whereas none between spleno-
megaly and the histological degree of the underlying disease could be confirmed[117]. Thus, splenomegaly might be 
considered a consequence of visceral lipid deposition in the spleen and not necessarily a sign of PH. This view is further 
supported by the results from some other investigations demonstrating an enlarged spleen size in people with NAFLD 
with no other signs of PH, as well as in otherwise healthy individuals with a higher body height and weight[118,119].

THE PROGNOSTIC PROPERTIES OF THE HVPG IN NAFLD
In terms of stratifying the risk of hepatic decompensation, the prognostic properties of the HVPG have mostly been 
derived from investigations conducted in patients with viral and alcoholic aetiologies of chronic liver disease, where they 
have demonstrated robust predictive values. The normal HVPG value is 1-5 mmHg, and values of 6-9 mmHg are 
considered subclinical PH, while an HVPG ≥10 mmHg represents CSPH, as from this threshold all major complications 
related to PH start to develop, including the formation EV, ascites accumulation and portal encephalopathy[120-123]. 
Esophageal varices bleed at an HVPG ≥ 12 mmHg, and the risk of death increases significantly in patients with an HVPG 
≥ 16 mmHg[120,121,123]. Given the complexity of the histological presentation and pathogenesis of PH in NAFLD, the 
HVPG cut-off values that are used in other aetiologies might not be appropriate for this purpose in NAFLD. To further 
elucidate this issue, a multicentric cross-sectional study was conducted with a cohort of 548 patients with advanced 
NAFLD and 444 with advanced hepatitis C (aHCV), who underwent detailed PH evaluation including HVPG 
measurement, TJLB, gastroscopy and abdominal imaging. Advanced chronic liver disease was defined either clinically by 
the presence of PH (HVPG > 5 mmHg) or histologically by the presence of stage 3 or 4 of liver fibrosis, and the majority of 
patients had compensated ACLD (cACLD; 71%). The median HVPG was lower in patients with advanced non-alcoholic 
fatty liver disease (aNAFLD; 13 mmHg vs 15 mmHg), although the indicators of liver function were similar between them 
and the aHCV group, whereas decompensation rates were higher among aNAFLD patients (32% vs 25%, P = 0.019), 
suggesting that NAFLD patients decompensated at lower HVPG levels[124]. According to the classic HVPG thresholds, 
clinical decompensation appeared in both groups at an HVPG > 10 mmHg, while no signs were detected in aHCV 
patients with an HVPG < 10 mmHg. Interestingly, some NAFLD patients experienced decompensation even when the 
HVPG was < 10 mmHg[124]. Further insights into this issue were provided from a study that investigated the agreement 
between wedge hepatic vein pressure (WHVP) and portal pressure (PP) in patients with decompensated NASH cirrhosis 
(n = 40), as well as those with alcohol-related (n = 40) and HCV-related decompensated cirrhosis (n = 40). All the patients 
were treated with a transjugular intrahepatic portosystemic shunt and the results revealed an excellent correlation 
between WHVP and PP in those with alcohol-related or HCV-related cirrhosis (r = 0.92; P < 0.001; intraclass correlation 
coefficient (ICC) 0.96; P < 0.001) whereas it was only moderate in the NASH group (r = 0.61; P <0.001; ICC 0.74; P < 0.001). 
When the WHVP differed by > 10% from PP, this was regarded as a disagreement between the two, and this occurred 
more frequently in the NASH group (37.5% vs 14%; P = 0.003)[125], where WHVP tended to underestimate PP. Data from 
a simtuzumab trial revealed that 14% of patients with NASH cirrhosis and an HVPG < 10 mmHg developed liver 
decompensation during a median follow-up of 4.7 mo. Nevertheless, an HVPG ≥ 10 mmHg maintained its prognostic 
properties in terms of predicting the liver decompensation in the overall group of patients with NASH cirrhosis, in 
comparison to those who had an HVPG < 10 mmHg (hazard ratio 2.83; 95% confidence interval, 1.33-6.02; P = 0.007)[126].

Based on these studies, there is strong evidence for the underestimation of portal pressure in NAFLD patients by 
HVPG, probably due to the presence of a pre-sinusoidal component. In this line, portal inflammation and ductular 
reaction in the portal tracts were described in patients with advanced NASH[127,128], and it may be plausible that biliary 
injury contributes to increased presinusoidal pressure, and therefore favors PP underestimation. Whether periportal 
fibrosis and/or biliary injury may contribute to increase vascular tone and resistance to blood flow at the level of the 
portal venules remains to be elucidated.



Madir A et al. PH in NAFLD

WJG https://www.wjgnet.com 298 January 28, 2024 Volume 30 Issue 4

INNOVATIVE DIAGNOSTIC APPROACHES TO DIAGNOSING PORTAL HYPERTENSION IN NAFLD: A 
CONCEPT OF ENDO-HEPATOLOGY
The hepatic venous pressure gradient (HVPG) represents the gold standard for diagnosing and grading PH[2,121,123,
129]. However, it is invasive, expensive and not widely available[130,131]. Among the most serious drawbacks of the 
HVPG is its inability to detect pre-sinusoidal PH, which obviously takes place in patients with NAFLD, and thus the 
HVPG might not reliably rule out CSPH in this group. These objective limitations of the HVPG have influenced the 
search for other methods to be invented and used for diagnosing PH.

Endoscopic ultrasound-guided portal pressure gradient (EUS-PPG) measurement represents a new diagnostic 
approach to direct PVP assessment. This new method is currently being tested in correlation to traditional HVPG 
measurement[10]. Under EUS guidance, a modified 25-gauge fine-needle aspiration needle connected to a digital 
manometer, a self-calibrating compact pressure transducer, is inserted through the liver parenchyma directly into a 
hepatic vein branch and the portal vein[10,132]. After three consecutive measurements, the mean value is calculated and 
recorded as the EUS-PPG. In theory, this method could overcome limitations from the HVPG as it measures EUS-PPG, 
and thus it might more reliably assess the PH grade even in the presence of a pre-sinusoidal component. The first EUS-
guided portal vein puncture with portography and pressure measurement was performed on a pig model in 2004[133]. In 
further animal models, an excellent correlation between EUS-PPG and HVPG measurements (r = 0.99) was demonstrated
[132]. In a human pilot study conducted in 28 patients with chronic liver disease, EUS-PPG demonstrated a 100% 
feasibility of accessing all targeted vessels, with no adverse events. In addition, the EUS-PPG results were highly 
correlated with the presence of clinical signs of PH (no HVPG measurements were available)[134]. Although it has 
exhibited promising results, this method needs to be further tested over a larger cohort of patients with different 
aetiologies of chronic liver disease. Moreover, the issue of how to validate its accuracy in patients with presinusoidal PH, 
in the absence of a gold diagnostic standard (because the HVPG might not be considered as such in this scenario), still 
remains. Another limitation of EUS-PPG is that sedation must be used to achieve reliable EUS-PPG measurements, but 
this heavily influences the hepato-portal haemodynamic and thus probably the results of EUS-PPG measurements as 
well. The direct measurement of portal pressure is also possible through a surgical approach, which is obviously not 
acceptable for wider clinical use[10,135].

THE NON-INVASIVE DIAGNOSIS OF PORTAL HYPERTENSION IN NAFLD
In addition to the HVPG as an invasive assessment of PVP, numerous non-invasive diagnostic methods have been invest-
igated, and some of them are currently utilized in clinical practice. Ultrasound-based methods have been the most 
frequently evaluated and are widely implemented in hepatology practices, as they are harmless, with no ionizing 
radiation, easy to use and supported by a large body of scientific evidence. By employing conventional ultrasound, it is 
possible to detect morphological signs of PH, such as splenomegaly, the presence of ascites or portosystemic collaterals, 
which is also achievable through other imaging methods such as computed tomography (CT) or magnetic resonance 
imaging (MRI). The last two are either ionizing (CT), or not that readily available (MRI). However, morphological signs of 
PH detected by imaging methods indicate the presence of CSPH, whereas the goal should be to detect the existence of 
CSPH as early as possible before the signs of the advanced stage develop. In this line, elastography represents one of the 
most promising candidates, and has become probably the most influential non-invasive diagnostic tool applied in 
everyday hepatology practice, including the assessment of PH. Most data have been accumulated with the use of 
transient elastography (TE), but significant evidence also exists for other ultrasound-based methods such as point shear 
wave elastography and two-dimensional shear wave elastography[136,137]. The pivotal study testing the diagnostic 
performance of TE for CSPH was published in 2021 and included an international cohort of 836 patients with CLD of 
mixed aetiology (including 248 with NAFLD), paired LSM and HVPG measurements and no history of liver 
decompensation. All patients had an LSM ≥ 10 kPa, and the overall prevalence of PH and CSPH was 83% and 59%, 
respectively. At the LSM cut-off ≥ 25 kPa, TE had a ≥ 90% positive predictive value (PPV) for ruling in CSPH in all 
aetiologies except for NAFLD, where only 77% of patients with an LSM over this threshold had CSPH according to the 
HVPG measurements. For non-obese NAFLD patients, the PPV of LSM over 25 kPa was better, with 91.7% of these 
patients having CSPH. The PPV for obese patients with NAFLD was lower, but the specificity was similar, and the 
reduced PPV was due to a lower prevalence of CSPH. For ruling CSPH out, a combination of LSM ≤ 15 kPa and platelet 
count ≥ 150 × 109/L had a ≥ 90% negative predictive value for all aetiologies of CLD including NAFLD, except for 
hepatitis B, due to the very low number of tested participants. In an attempt to improve the prediction of CSPH in 
NAFLD patients, the authors constructed a nomogram by using LSM, body mass index (BMI) and platelet count, and 
demonstrated that at a certain LSM the probability of CSPH is much lower in obese patients compared to their non-obese 
counterparts[138]. These results were considered by the Baveno VII consensus, which issued recommendations for the 
non-invasive evaluation of PH utilizing the cut-off values of LSM and platelet count as obtained in this work[139]. To 
validate these non-invasive criteria for diagnosing CSPH, a retrospective cohort study on 76 cACLD patients (23 with 
NAFLD) was conducted, and the results revealed that the LSM ≥ 25 kPa criterion had 88.9% specificity and 87.1% PPV for 
ruling in CSPH, whereas the LSM ≤ 15 kPa and Plt ≥ 150 criterion had 100% sensitivity and a negative predictive value 
(NPV) for ruling out CSPH. This paper also confirmed that with an increasing BMI, for any given level of platelet count, 
higher LSM values were needed for a certain probability of having CSPH[140]. According to the Baveno criteria, patients 
with platelet count > 150 × 109 cells/L and LSM < 20 kPa exhibit a very low risk of having high-risk varices and can safely 
avoid screening endoscopy[139,141].
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A spleen stiffness measurement (SSM) that demonstrated high accuracy in classifying patients according to the 
presence of varices needing treatment (VNT) and CSPH might be helpful in borderline cases, as it reflects an increased 
resistance to portal blood flow, and the SSM is not affected by liver steatosis[142-145]. Accordingly, the Baveno VII 
consensus issued recommendations that an SSM > 50 kPa measured by TE might be applied to rule in CSPH, and an SSM 
< 21 kPa to exclude it in patients with viral hepatitis[139]. A combined approach in which two out of three criteria (LSM ≥ 
25 kPa, SSM > 40 kPa and Plt < 150 × 109/L) were employed in cACLD patients to non-invasively identify those with 
CSPH correctly classified 88% of patients in a recent individual patient data meta-analysis[146]. Whereas the respective 
PPVs were 91% and 93% in the subgroups with obesity and a non-viral aetiology, the corresponding specificities were 
71% and 85%. The combination of two criteria (LSM ≤ 15 kPa, SSM ≤ 40 kPa and Plt count ≥ 150 × 109/L) demonstrated a 
suboptimal NPV (67%) for ruling out CSPH in non-viral aetiology, whereas the NPV was 91% if SSM < 21 kPa was 
utilized instead. Whether the performance of these cut-offs is limited to patients with NAFLD remains to be further 
validated. Some promising initial results were published using contrast-enhanced ultrasound, specifically the 
subharmonic aided pressure estimation method[147], but these results require further validation.

Beside imaging methods, biomarker(s) from blood or stool would be welcome for early detection of PH in NAFLD 
patients, as this approach could potentially have wider applicability. Given that NAFLD is closely related to type 2 
diabetes, postprandial blood glucose (PPG) has been studied as an important blood biomarker for assessing the 
progression of liver disease from steatosis to fibrosis[148-150]. Elevated PPG during NAFLD occurs prior to fibrosis, 
indicating a bidirectional relationship between postprandial dysfunction in NAFLD and fibrosis development[149,150]. 
The results of a recent study on a Chinese NAFLD population showed an independent association between elevated PPG 
and progression of liver fibrosis[148]. Whereas some investigations described distinctive metabolomic blood/stool 
signature of advanced fibrosis/cirrhosis in comparison to simple steatosis or mild fibrosis, they still have not revealed 
reliable single biomarker or biomarker combination specific for PH, and thus further research in this regard is warrantied
[151,152].

NON-INVASIVE DIAGNOSIS OF HIGH-RISK ESOPHAGEAL VARICES IN NAFLD
Progression of liver cirrhosis and PH leads to the development of CSPH and its complications in the form of EV, ascites 
accumulation, portal encephalopathy and EV[9,11,153,154]. Esophago-gastro-duodenoscopy (EGD) represents the gold 
standard method for diagnosing and assessing the degree of EV, and it offers the possibility of treating EV at the same 
time[155,156]. However, EGD is an invasive procedure, associated with some risks, including damage to the gut wall, 
bleeding and perforation, and it is not very well accepted by some patients. Therefore, non-invasive approaches to the 
diagnosing of EV have been extensively investigated during the last decade. By using non-invasive methods, such as TE 
in the first place, liver disease is more frequently detected at an early stage, which significantly increases the number of 
unnecessary endoscopies[157]. Non-invasive Baveno VI (LSM < 20 kPa, Plt > 150 × 109/L) and expanded Baveno VI 
criteria (LSM < 25 kPa, Plt > 110 × 109/L) have proven to be efficient in ruling out high-risk VNT[141,158]. According to 
the original report, it was possible to safely avoid 40% of EGDs at the cost of missing only 1.6% of VNT by applying 
expanded Baveno VI criteria[159]. However, only a minority of patients included in these investigations had NAFLD, 
whereas the data referred mostly to patients with alcohol-related cirrhosis and viral cirrhosis. Therefore, NAFLD cirrhosis 
criteria were proposed by Petta et al[160] based on a multicentric international study that included 790 patients with 
compensated NAFLD cirrhosis who underwent EGD and LSM by TE no more than six months apart. Accordingly, the 
best performing criteria for ruling out VNT by utilizing an M probe were an LSM < 30 kPa and platelet count > 
110000/mm3, whereas the corresponding values if an XL probe was employed were an LSM < 25 kPa and platelet count > 
110000/mm3, the latter identical to the expanded Baveno VI criteria[160].

Based on these data, an algorithmic approach to ruling out VNT in patients with NAFLD cirrhosis was finally 
proposed: if LSM could be reliably assessed by an M probe, then Baveno VI criteria should be applied to non-obese 
subjects, and NAFLD cirrhosis criteria to obese ones. If the XL probe had to be used, again Baveno VI criteria should be 
applied to non-obese subjects, and NAFLD cirrhosis criteria (extended Baveno VI) to obese ones[160,161]. In a 
retrospective cohort study from China, the authors investigated the diagnostic performance of Baveno VI and extended 
the Baveno VI criteria for ruling out VNT in a cohort of 224 patients with biopsy- or clinically proven compensated 
NAFLD cirrhosis. It should be highlighted that 60.7% patients had coexisting hepatitis B, 15.6% hepatitis C and 8.9% 
alcohol-related chronic liver disease. The mean LSM was 18.1 ± 13.9 kPa and the authors did not declare which probe(s) 
they utilized. By employing Baveno VI and expanded Baveno VI criteria, it was possible to avoid endoscopy in 37.5% and 
56.7% patients, with the respective risk of missing VNT in 1.19% and 3.15% patients[162]. Obviously, the dilemma 
regarding the steatosis influence on LSM is still an open issue, in terms of both its impact on the accuracy of non-invasive 
staging of liver fibrosis in NAFLD patients, as well as in assessing the severity and complications of PH[138,163,164]. 
Measuring spleen stiffness might also be helpful in this clinical scenario, as it was demonstrated that in patients who were 
outside Baveno VI criteria based on LSM and platelet count assessment, an SSM ≤ 46 kPa had a 98% NPV for ruling out 
VNT[165]. Accordingly, the Baveno VII consensus issued a recommendation that endoscopy could be safely avoided in 
patients who do not meet LSM/platelet criteria if their SSM is ≤ 40 kPa[139]. Again, this recommendation relies on the 
data obtained mostly from patients with viral hepatitis and thus should be further validated in those with NAFLD.
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A SPECIFIC TREATMENT FOR PH IN PATIENTS WITH NAFLD: NOT THERE YET
The numerous molecular and cellular pathophysiological processes that contribute to IHVR in patients with NAFLD 
represent potential therapeutic targets for PH[5,10,166] Nonselective beta blockers like carvedilol and propranolol are 
utilized for the prevention of clinical decompensation in patients with compensated cirrhosis and CSPH[167]. Statins 
have been demonstrated to stimulate the eNOS-NO-soluble guanylate cyclase (sGC)-cyclic guanosine monophosphate 
pathway with increased intrahepatic NO production, the upregulation of a transcription factor (Krüppel-like 
transcription factor) and the inhibition of the RhoA/Rho-associated coiled-coil-containing kinase pathway that is 
important for the development of LSEC capillarization and vasoconstrictive effects[166,168] Multikinase inhibitors 
(sorafenib) were investigated for attenuating pathological angiogenesis in the course of chronic liver disease[166,169,170]. 
Immunomodulatory drugs (thalidomide), caspase inhibitors (emricasan), antioxidative drugs, radical scavengers, 
cyclooxygenase inhibitors and antibiotics (rifaximin)[166] were used to reduce hepatic inflammation and bacterial 
translocation as important steps in preventing the progression of PH. Farnesoid X receptor agonists were demonstrated to 
decrease IHVR by stimulating eNOS[171] activity in a rat model of cirrhotic PH[172].

However, despite ongoing research efforts, there are still no specific agents approved for the treatment of PH caused 
by NAFLD[173]. Therefore, general guidelines for PH should be followed in patients with NAFLD, while lifestyle 
changes (reduction in caloric intake, weight loss and daily exercise) remain the mainstay of the treatment approach[10].

CONCLUSION
The development of clinically significant portal hypertension mostly occurs in patients with cirrhotic NAFLD. Despite 
this fact, multiple lines of evidence confirm the early elevation of portal vein pressure and onset of PH in non-cirrhotic 
NAFLD patients. Increased IHVR is the main cause of PH in NAFLD and arises because of perisinusoidal fibrosis and 
microcirculation damage. HVPG as an invasive diagnostic method underestimates portal pressure in patients with 
NAFLD and some patients develop liver decompensation below an HVPG of 10 mmHg, which is traditionally considered 
the threshold for CSPH. Obesity seems to reduce the diagnostic accuracy of LSM, leading to the overestimation of PH 
severity. Baveno VII criteria might be used for non-invasive ruling out, but they have suboptimal diagnostic performance 
for ruling in CSPH in obese NAFLD patients. Similarly, Baveno criteria are reliable for ruling out VNT in non-obese 
NAFLD patients, whereas in obese patients NAFLD cirrhosis criteria might work better. Recent advances in 
understanding the pathophysiological background of NAFLD and related PH have resulted in several candidate 
molecules and pathways that might serve as the targets for pharmacological compounds, but this is still an area of 
ongoing research, and currently we still lack specific drugs for PH in NAFLD. Nevertheless, it is unrealistic to expect that 
a single medication could reverse all pathological changes taking place along the complex pathways of PH development 
in NAFLD, and thus a combination of lifestyle changes, liver-targeted therapies and modulation of metabolic 
derangements would probably represent the solution to this problem.
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Abstract
BACKGROUND 
About 10%-31% of colorectal liver metastases (CRLM) patients would concom-
itantly show hepatic lymph node metastases (LNM), which was considered as 
sign of poor biological behavior and a relative contraindication for liver resection. 
Up to now, there’s still lack of reliable preoperative methods to assess the status of 
hepatic lymph nodes in patients with CRLM, except for pathology examination of 
lymph node after resection.

AIM 
To compare the ability of mono-exponential, bi-exponential, and stretched-
exponential diffusion-weighted imaging (DWI) models in distinguishing between 
benign and malignant hepatic lymph nodes in patients with CRLM who received 
neoadjuvant chemotherapy prior to surgery.

METHODS 
In this retrospective study, 97 CRLM patients with pathologically confirmed 
hepatic lymph node status underwent magnetic resonance imaging, including 
DWI with ten b values before and after chemotherapy. Various parameters, such 
as the apparent diffusion coefficient from the mono-exponential model, and the 
true diffusion coefficient, the pseudo-diffusion coefficient, and the perfusion 
fraction derived from the intravoxel incoherent motion model, along with 
distributed diffusion coefficient (DDC) and α from the stretched-exponential 
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model (SEM), were measured. The parameters before and after chemotherapy were compared between positive 
and negative hepatic lymph node groups. A nomogram was constructed to predict the hepatic lymph node status. 
The reliability and agreement of the measurements were assessed using the coefficient of variation and intraclass 
correlation coefficient.

RESULTS 
Multivariate analysis revealed that the pre-treatment DDC value and the short diameter of the largest lymph node 
after treatment were independent predictors of metastatic hepatic lymph nodes. A nomogram combining these two 
factors demonstrated excellent performance in distinguishing between benign and malignant lymph nodes in 
CRLM patients, with an area under the curve of 0.873. Furthermore, parameters from SEM showed substantial 
repeatability.

CONCLUSION 
The developed nomogram, incorporating the pre-treatment DDC and the short axis of the largest lymph node, can 
be used to predict the presence of hepatic LNM in CRLM patients undergoing chemotherapy before surgery. This 
nomogram was proven to be more valuable, exhibiting superior diagnostic performance compared to quantitative 
parameters derived from multiple b values of DWI. The nomogram can serve as a preoperative assessment tool for 
determining the status of hepatic lymph nodes and aiding in the decision-making process for surgical treatment in 
CRLM patients.

Key Words: Colorectal cancer; Individualized treatment; Diffusion magnetic resonance imaging; Intravoxel incoherent motion; 
Liver

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This study compared the diagnostic effectiveness of mono-exponential, bi-exponential, and stretched exponential 
Diffusion-weighted magnetic resonance imaging in predicting hepatic lymph node metastases (LNM) in patients with 
colorectal liver metastases after chemotherapy. Our finding indicated that only the pre-treatment distributed diffusion 
coefficient value and the short diameter of the largest lymph node after treatment were independent predictors of hepatic 
LNM. We developed a nomogram incorporating these two factors to non-invasively and individually predict the status of 
hepatic lymph nodes, demonstrating significant potential in surgical planning and assessing high-risk patients.

Citation: Zhu HB, Zhao B, Li XT, Zhang XY, Yao Q, Sun YS. Value of multiple models of diffusion-weighted imaging to predict 
hepatic lymph node metastases in colorectal liver metastases patients. World J Gastroenterol 2024; 30(4): 308-317
URL: https://www.wjgnet.com/1007-9327/full/v30/i4/308.htm
DOI: https://dx.doi.org/10.3748/wjg.v30.i4.308

INTRODUCTION
Colorectal carcinoma ranks as the most prevalent digestive tumors globally, with over 50% of patients developing 
colorectal liver metastases (CRLM) either at diagnosis (synchronous metastases) or during follow-up (metachronous 
metastases)[1]. Currently, the preferred approach in standard treatment guidelines involves perioperative chemotherapy 
combined with surgical resection, particularly when achieving complete resection with sufficient residual liver 
parenchyma is feasible[2,3]. Approximately 10%-31% of CRLM patients exhibit hepatic lymph node metastases (LNM), 
representing an adverse prognostic factor with significant impact on outcomes[4,5]. Surgery remains the sole potentially 
curative therapy if LNM are confined to the hepatic pedicle, although this procedure may be associated with potential 
postoperative complications, such as bleeding, lymphatic leakage, and ischemic bile duct stricture[6,7].

The gold standard for evaluating LNM still relies on histopathological assessment post-operation. Currently, there is 
inconsistency in the indications for lymphadenectomy in CRLM, partly due to the challenge of preoperatively predicting 
LNM. For instance, Grobmyer et al[8] examined 100 patients with hepatic lymph nodes undergoing resection for primary 
and metastatic hepatic malignancies. They found that both CT and intraoperative clinical palpation had a high negative 
predictive value (NPV = 95% and 99%, respectively) with a low positive predictive value (PPV = 30% and 39%, res-
pectively). Similarly, Rau et al[9] discovered that a short diameter of lymph nodes larger than 15 mm and a morpholo-
gically round shape on computed tomography (CT) had a high NPV of 85% but a relatively low PPV of 43% for LNM. 
Intriguingly, up to 27% of patients with confirmed pathological LNM were not initially suspected using a combination of 
CT and intraoperative examination. Therefore, there is a crucial need for reliable predictors of LNM in CRLM before 
surgery to precisely guide individual decision-making and prevent overtreatment in low-risk patients.

Diffusion-weighted imaging (DWI) has undergone extensive investigation for its utility in cancer detection, treatment 
response assessment, and prognosis evaluation[10-12]. The apparent diffusion coefficient (ADC), derived from DWI, 

https://www.wjgnet.com/1007-9327/full/v30/i4/308.htm
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exhibits promising capabilities in distinguishing lymph nodes, providing a noninvasive assessment of the microscopic 
random Brownian motion of water molecules in biological tissues. For instance, Sumi et al[13] observed higher ADC 
values in metastatic lymph nodes compared to benign non-metastatic lymph nodes, whereas Abdel Razek et al[14] and 
Eiber et al[15] reported lower ADC values in metastatic lymph nodes. This inconsistency may arise from the mono-
exponential decay formula used to calculate ADC values, assuming tissue homogeneity and water molecule movement 
with a Gaussian distribution. Intravoxel incoherent motion (IVIM) is a technique capable of potentially differentiating 
perfusion components from the pure diffusion of water molecules using a biexponential model. This model allows for the 
quantification of three parameters: The true diffusion coefficient (D), the pseudo-diffusion coefficient (D*), and the 
perfusion fraction (f). Consequently, parameters obtained from the IVIM model have demonstrated superior diagnostic 
performance compared to traditional ADC in differentiating hepatic lesions in previous studies[16,17]. More recently, 
Bennett et al[18] introduced the stretched-exponential model (SEM), providing an alternative approach to quantify 
intravoxel heterogeneity. The SEM employs two parameters: The distributed diffusion coefficient (DDC) and the 
intravoxel water diffusion heterogeneity (α). However, to date, there remains a paucity of studies comparing functional 
magnetic resonance imaging (MRI) parameters derived from different models to determine the status of hepatic lymph 
nodes in CRLM patients.

The objective of this study was to assess the diagnostic accuracy of three mathematical models of DWI in distin-
guishing between benign and malignant hepatic lymph nodes in CRLM patients who underwent chemotherapy prior to 
surgery.

MATERIALS AND METHODS
Study participants
This retrospective study protocol received approval from the Medical Ethics Committee of Beijing Cancer Hospital, and 
informed consent was waived.

CRLM patients with a pathologic diagnosis of hepatic lymph nodes in our hospital between January 2015 and January 
2023 were included in this study. Patients had to undergo at least two cycles of neoadjuvant chemotherapy and undergo 
MRI examinations before neoadjuvant chemotherapy (pre-treatment point) and within 1 mo before surgery (post-
treatment point). Exclusion criteria were: (1) Patients who underwent hepatectomy without hepatic lymph node 
resection; (2) Patients without measurable hepatic lymph nodes > 5 mm on the baseline MRI; and (3) Patients without 
multiple b-values of DWI sequence or insufficient quality of DWI for analysis. A total of 97 patients were enrolled in this 
study.

MRI protocol
All patients underwent MRI examinations using a 1.5T MRI device (Signa Excite II; GE Healthcare, Milwaukee, WI, 
United States) equipped with an 8-channel phased array body coil. The imaging protocol included axial T2-weighted 
imaging (T2WI) with fat saturation, multiple b-values of DWI, and dynamic contrast-enhanced (DCE) MRI sequences. A 
respiratory-triggered single-shot echo planar imaging sequence was employed for DWI, with b-values of 0, 20, 50, 100, 
200, 600, 800, 1000, 1200, and 1500 s/mm2, respectively. The DWI sequence parameters were: Repetition time (TR)/echo 
time (TE) = 3000/80; slice thickness = 6 mm; slice gap = 1 mm; matrix = 128 × 90. The total acquisition time for the DWI 
sequence was approximately 6 min and 19 s. The corresponding parameters for T2WI were: TR/TE = 12630/70 ms; slice 
thickness = 6 mm; slice gap = 1 mm; matrix = 228 × 224.

MRI image analysis
Images were independently analyzed by two radiologists (B.Z., with 6 years of experience, and H.B.Z with 12 years of 
experience), utilizing the FuncTool Software implemented in GE Workstation 4.6. The radiologists were blinded to 
clinical information, pathological results, and each other’s findings. To determine the regions of interest (ROI), the 
radiologists manually drew the ROI on the DWI image with a b-value of 800 s/mm2 at the maximum transverse diameter 
of the hepatic lymph node, avoiding areas containing adjacent vessels and artifacts. T2WI and DCE-MRI images served as 
references. Additionally, the mean value of parameters obtained from the two observers for each ROI was calculated for 
further analysis.

The signal intensity (SI) of each ROI was fitted using the following mathematical models, where S(b) is the SI at a 
particular b value, and S(0) is the SI with b = 0 s/mm2:

(1) ADC was calculated using the mono-exponential model:
S(b)/S(0) = exp(-b × ADC)
(2) Three parameters were calculated using biexponential IVIM model according to the following equation:
S(b)/S(0) = f × exp(-b × D*)+ (1-f) × (-b × D)
D: The true diffusion coefficient; D*: Pseudo-diffusion coefficient; f: The fraction of pseudo-diffusion.
(3) DDC and α were acquired from SEM using the following mathematical equation:
S(b)/S(0) = exp{-(b × DDC)}α

DDC: The distributed diffusion coefficient, characterizing the distribution of diffusion rates within a voxel; α: Ranging 
from 0 to 1, represents intravoxel diffusion heterogeneity.
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Surgical technique and clinical information
Hepatic lymph nodes were delineated based on specific criteria, encompassing nodes along the hepatoduodenal 
ligament, which includes structures like the proper hepatic artery, portal vein, bile duct, and retro-pancreatic head. Nodes 
along the common hepatic artery and coeliac artery, covering the coeliac, common hepatic, and left gastric arteries, were 
also considered. Since hepatic lymph nodes were not routinely dissected, only suspected nodes on preoperative imaging 
and/or intraoperative examination were removed. Hematoxylin and eosin stained specimens of the surgically removed 
lymph nodes were examined by specialized pathologists, and all pathological results were obtained from final patho-
logical reports.

Clinical information of CRLM patients was collected retrospectively, encompassing age, sex, location (left half colon vs 
right half colon), T and N stage of the primary tumor, synchronous or metachronous liver metastases, number of liver 
metastases (single vs multiple), RAS gene status (mutation type vs wild type), treatment response based on RECIST1.1 
standard, disappearing lesions (identified when no visible lesion is observed on all imaging sequences after 
chemotherapy), and levels of carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9). Serum tumor 
markers were categorized into two groups: Those within normal limits and those exceeding normal limits, defined as 5 
ng/mL for CEA and 40 ng/mL for CA19-9.

Statistical analysis
Continuous variables are presented as mean ± SD, while categorical variables are expressed as numbers and percentages. 
To compare characteristics between the two groups, independent-samples t/Mann-Whitney or chi-square tests were 
employed. To identify independent factors associated with hepatic LNM, multivariable logistic regression was conducted 
using a forward stepwise approach. The diagnostic performance of the predictive model was assessed using the receiver 
operating characteristic (ROC) curve, and the area under the ROC curve (AUC) with its 95% confidence interval (CI) was 
calculated. The model's cutoffs were determined using the maximum Youden’s method. Sensitivity, specificity, PPV and 
NPV were also computed to evaluate the model's performance. Inter-observer agreements of quantitative metrics were 
tested using intraclass correlation coefficients (ICC), with ICC > 0.75 indicating good agreement, 0.40 to 0.75 suggesting 
moderate agreement, and ≤ 0.40 indicating poor agreement. All statistical analyses were performed using SPSS 25.0 (IBM 
Corporation, Armonk, NY, United States). A two-sided P value less than 0.05 was considered statistically significant, 
indicating a significant difference or association between variables.

RESULTS
Clinicopathologic characteristics
Among the 97 enrolled patients, 40 patients (41.2%; mean ± age = 57.53 ± 9.43 years) exhibited hepatic LNM, while the 
other 57 patients (58.8%; mean ± age = 52.91 ± 10.48 years) did not.

Univariate and multivariate analyses for factors associated with hepatic LNM
In univariate analysis, the short and long axes of the largest lymph node before treatment, short and long axes of the 
largest lymph node after treatment, pre-treatment D, pre-treatment DDC, post-treatment ADC, post-treatment DDC, and 
post-treatment α were found to be statistically significant with hepatic LNM (P < 0.05).

In multivariate analysis, only pre-treatment DDC (OR < 0.001; P = 0.002) and the short axis of the largest lymph node 
after treatment (OR = 1.509; P < 0.001) were identified as independent risk factors for the status of hepatic LNM. The 
detailed results of the univariate and multivariate analyses are presented in Table 1.

Comparison of parameters from models for prediction hepatic LNM
Table 2 summarizes the results of ROC analysis for quantitative parameters from all three models for predicting hepatic 
LNM. Pre-DDC had the largest AUC (AUC = 0.770; 95%CI: 0.676-0.865), followed by post-DDC (AUC = 0.739; 95%CI: 
0.641-0.838) and post-ADC (AUC = 0.664; 95%CI: 0.553-0.774). The sensitivity, specificity, PPV, NPV, and accuracy of pre-
DDC for differentiating malignant and benign hepatic lymph nodes were 85.0%, 59.6%, 59.6%, 85.0%, and 70.1%, 
respectively, with an optimal cutoff value of 1.92 × 10-3 mm2/s.

Furthermore, the short axis of the largest lymph node before and after treatment also exhibited good performance in 
predicting hepatic LNM. The highest accuracy (77.3%) was achieved at a cutoff value of 10 mm (the best cut off value = 
9.5 mm) for the short axis of the largest hepatic lymph node after treatment, which had 52.5% sensitivity and 94.7% 
specificity for differentiating the status of hepatic lymph nodes.

Development the nomogram for prediction hepatic LNM
The nomogram, incorporating pre-treatment DDC and the short axis of the largest lymph node after treatment, exhibited 
effective performance in predicting hepatic LNM. The AUC of the nomogram was 0.873 (95%CI: 0.803-0.943) (Figure 1), 
with sensitivity, specificity, PPV, NPV, and accuracy at 82.5%, 82.5%, 87.0%, 76.7%, and 82.5%, respectively. The 
nomogram for predicting hepatic LNM is presented in Figure 2.

Interobserver agreement for radiologic parameters
Moderate or good interobserver agreement was achieved for quantitative parameters (ICC range: 0.47-0.83). The ICCs of 
DDC before and after treatment were 0.52 and 0.81, respectively.
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Table 1 Univariate and multivariate analysis of clinical and magnetic resonance imaging factors for prediction of hepatic lymph nodes 
metastases

Univariate analysis Multivariate analysis

Non-hepatic LNM 
(n = 57)

hepatic LNM HLN 
(n = 40) P value OR (95%CI) P value

Gender Male/female 44/13 27/13 0.029a

Age 52.91 ± 10.48 57.53 ± 9.43 0.054

BMI 24.63 ± 3.04 24.50 ± 3.04 0.842

Primary location Right/left-side 15/42 6/34 0.944

Differentiation Low to moderate/High 55/2 40/0 0.510

T stage of primary tumor T1+2/T3+4 3/54 4/36 0.650

N stage of primary tumor N0/N+ 9/48 5/35 0.149

Gene RAS-wild/mutation 38/19 28/12 0.729

Simultaneous liver 
metastases

No/Yes 13/44 12/28 0.425

Distribution Solitary/Bilateral 20/37 15/25 0.808

Number of CRLM ≤ 3/> 3 17/40 15/25 0.429

Size (mm) 38.25 ± 27.69 37.88 ± 22.11 0.944

RECIST Response/Non-response 33/24 21/19 0.599

Disappearing lesion No/Yes 46/11 34/6 0.584

pre-CEA ≤ 5/> 5 ng/mL 15/42 11/29 0.897

pre-CA199 ≤ 40/> 40 U/mL 26/31 17/23 0.761

post-CEA ≤ 5/> 5 ng/mL 27/30 17/23 0.635

post-CA199 ≤ 40/> 40 U/mL 33/24 25/15 0.649

Short axis of largest lymph 
node before treatment

mm 7.39 ± 2.65 11.88 ± 5.35 < 0.001a

Long axis of largest lymph 
node before treatment

mm 14.25 ± 6.41 18.28 ± 7.28 0.005a

Pre-ADC mm2/s 1.54 ± 0.35 1.49 ± 0.30 0.394

Pre-D mm2/s 1.21 ± 0.43 1.02 ± 0.25 0.005a

Pre-D* mm2/s 3.33 ± 2.37 2.70 ± 2.38 0.200

Pre-f 0.49 ± 0.17 0.45 ± 0.14 0.330

Pre-DDC mm2/s 3.21 ± 1.69 2.01 ± 0.83 < 0.001a < 0.001 0.002a

Pre-α 0.59 ± 0.17 0.62 ± 0.16 0.363

Short axis of largest lymph 
node after treatment

mm 6.74 ± 2.13 10.43 ± 3.62 < 0.001a 1.509 (1.235-1.845) < 0.001a

Long axis of largest lymph 
node after treatment

mm 13.46 ± 5.78 17.08 ± 6.82 0.006a

Post-ADC mm2/s 1.64 ± 0.32 1.45 ± 0.32 0.006a

Post-D mm2/s 1.35 ± 0.86 1.24 ± 0.78 0.529

Post-D* mm2/s 3.69 ± 2.96 3.48 ± 3.38 0.751

Post-f 0.51 ± 0.18 0.52 ± 0.18 0.732

Post-DDC 3.46 ± 1.48 2.37 ± 0.91 < 0.001a

Post-α 0.61 ± 0.13 0.67 ± 0.13 0.035a

aP values that are significantly different between metastatic and non-metastatic HLN group.
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HLN: Hemolymph node; OR: Odds ratio; BMI: Body mass indices; CRLM: Colorectal liver metastases; RECIST: Response Evaluation Criteria In Solid 
Tumors; CEA: Carcinoembryonic antigen; CA19-9: Carbohydrate antigen 19-9; ADC: Apparent diffusion coefficient; CI: Confidence interval; DDC: 
Distributed diffusion coefficient; LNM: Lymph node metastases; D: True diffusion coefficient; D*: Pseudo-diffusion coefficient; f: The perfusion fraction; α: 
Intravoxel water diffusion heterogeneity.

Table 2 Diagnostic performance of quantitative parameters and nomogram in predicting hepatic lymph node metastases in colorectal 
liver metastases patient

AUC Cut off value Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)

Pre-ADC 0.551 (0.436-
0.666)

1.70 32.5 82.5 56.5 63.5 61.5

Pre-D 0.648 (0.538-
0.758)

1.15 55.0 77.2 62.9 58.1 68.0

Pre-D* 0.592 (0.477-
0.707)

2.51 55.0 66.7 53.7 71.0 62.1

Pre-f 0.577 (0.462-
0.692)

3.98 70.0 47.5 48.3 64.3 56.7

Pre-DDC 0.770 (0.676-
0.865)

1.92 85.0 59.6 59.6 85.0 70.1

Pre-α 0.573 (0.456-
0.689)

0.59 62.5 59.6 52.1 69.4 60.8

Post-ADC 0.664 (0.553-
0.774)

1.46 75.0 52.6 52.6 75.0 61.9

Post-D 0.581 (0.447-
0.681)

1.21 50.0 70.2 54.1 66.7 62.1

Post-D* 0.558 (0.438-
0.678)

1.27 85.0 33.3 47.2 76.0 54.6

Post-f 0.521 (0.403-
0.638)

3.98 77.5 31.6 44.3 66.7 50.5

Post-DDC 0.739 (0.641-
0.838)

2.26 82.5 52.5 55.0 81.1 64.9

Post-α 0.623 (0.509-
0.737)

0.65 57.5 70.2 57.5 70.2 65.0

Short axis of largest lymph 
node before treatment (mm)

0.773 (0.674-
0.872)

12 50.0 94.7 87.0 73.0 76.3

Short axis of largest lymph 
node after treatment (mm)

0.811 (0.724-
0.899)

10 52.5 94.7 38.9 74.0 77.3

Nomogram 0.873 (0.803, 
0.943)

1.03 82.5 82.5 87.0 76.7 82.5

AUC: Area under the receiver operating characteristic curve; ADC: Apparent diffusion coefficient; NPV: Negative predictive value; PPV: Positive 
predictive value; DDC: Distributed diffusion coefficient; D: True diffusion coefficient; D*: Pseudo-diffusion coefficient; f: The perfusion fraction; α: 
Intravoxel water diffusion heterogeneity.

DISCUSSION
In this study, our goal was to assess the diagnostic potential of DWI parameters using three models to differentiate 
between benign hepatic lymph nodes and metastatic lymph nodes in patients with initially resectable CRLM. Our 
findings indicate that the DDC values obtained from the SEM were significantly lower in metastatic lymph nodes 
compared to non-metastatic lymph nodes, both before and after treatment. Notably, the baseline DDC value exhibited the 
highest accuracy for preoperative lymph node status diagnosis in CRLM patients, outperforming the accuracy of ADC 
from the mono-exponential model, as well as D, D*, and f from the IVIM model. Furthermore, there was substantial 
agreement between two independent readers in assessing DDC, suggesting that DDC, along with the short diameter of 
the largest lymph node, may serve as a reliable, non-invasive, and promising technique in clinical practice for distin-
guishing between metastatic and non-metastatic lymph nodes before surgery.

Our results show that the baseline DDC from the SEM demonstrated the highest diagnostic performance in distin-
guishing metastatic from benign hepatic lymph nodes, followed by post-DDC and post-ADC, although the differences 
among them were not statistically significant. The DDC value is considered a weighted sum of continuous distributions 
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Figure 1 The receiver operating characteristic curve of nomogram to predict hepatic lymph node metastases in colorectal liver 
metastases patients receiving chemotherapy. The area under the curve of the nomogram was 0.873.

Figure 2 Nomogram of model for predicting hepatic lymph node metastases in colorectal liver metastases patients receiving 
chemotherapy. DDC: Distributed diffusion coefficient.

of ADCs and can offer more information on non-Gaussian distribution. These results can be attributed to increased 
cellularity, higher nucleus-to-cytoplasm ratios, and more limited extracellular space in malignant lymph nodes, leading to 
greater intravoxel diffusion heterogeneity[19,20]. Therefore, DDC may have a superior ability to differentiate between 
benign and malignant liver lesions with minimal overlap compared to ADC calculated from the mono-exponential 
model, consistent with previous studies on gliomas, ovarian cancer, bladder cancer, and hepatic lesions[21-24]. 
Additionally, our findings suggest that DDC values calculated from the SEM are more reliable than those from the mono-
exponential and IVIM models, aligning with previous studies[25-27].

On the contrary, while quantitative parameters obtained from the IVIM model, except for post-f of benign hepatic 
lesions, were higher in malignant lymph nodes, the difference was not statistically significant. Several factors may 
contribute to these results. Firstly, the predictive value of the IVIM model for lymph node status has not been consistently 
supported in previous literature. For instance, in a study on rectal adenocarcinoma patients, Jia et al[28] found that the 
group with positive lymph nodes exhibited a significantly lower D* value and a higher f value. Conversely, another 
study on rectal cancer patients showed that the metastatic group had significantly lower D and D* values compared to 
the nonmetastatic group[29]. Various factors, such as the setting of b-values (especially b-values < 200 s/mm²), TR, and 
scan techniques, may influence the results of IVIM parameters. Secondly, the heterogeneity of hepatic lesions can impact 
the quantitative parameters of the IVIM model. Malignant lesions typically demonstrate more heterogeneity in terms of 
cellularity, vascularity, and perfusion compared to benign lesions. This inherent heterogeneity can lead to variations in 
the IVIM parameters, making it challenging to differentiate between benign and malignant lesions based solely on IVIM 
parameters. Additionally, the limited sample size in our study may introduce selection bias.
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Our study also revealed that the short diameter of the largest lymph node after treatment was useful in predicting the 
status of hepatic lymph nodes in CRLM patients. This finding aligns with a previous study indicating tumor size as an 
independent predictor of lymph node metastases[30]. We identified the optimal diagnostic threshold for the short 
diameter of lymph nodes as 10 mm, with a sensitivity of 52.5%, specificity of 94.7%, and accuracy of 77.3%. The 
nomogram, combining DDC and the short diameter of the largest lymph node, can quantitatively evaluate lymph node 
metastases with enhanced diagnostic efficacy. The nomogram's diagnostic efficiency, with an AUC of 0.873, 
demonstrated superior performance compared to using either IVIM or SEM alone. Furthermore, the nomogram exhibited 
improved sensitivity, specificity, and accuracy. These results suggest that the nomogram can effectively prevent 
unnecessary lymph node dissection in CRLM patients.

The current study has several limitations. Firstly, it was a retrospective, single-center study with a relatively small 
sample size. Therefore, further studies with a larger sample size and external validation are needed to validate the 
findings. Secondly, there may be selection bias because we only included patients with clinically suspected lymph node 
metastasis who underwent surgical resection. This could potentially underestimate the severity of the condition, as most 
CRLM patients were excluded if they did not have clinically suspicious metastatic lymph nodes. Thirdly, there may be 
uncertainty regarding the alignment between the lymph node evaluated by the pathologist and the image slices where 
the DWI parameters were obtained. Additionally, the setting of b-values in DWI remains controversial. While using too 
many b-values would result in prolonged scan time, further research is required to determine the optimal number and 
interval of b-values for accurate assessment, considering the trade-off between scan time and accuracy. Lastly, the study 
did not analyze the relationship between the models and the survival outcome of the patients.

CONCLUSION
In conclusion, our results suggest that a nomogram incorporating the pre-DDC value calculated from SEM-DWI along 
with the short diameter of the largest lymph node after treatment may have the potential to predict lymph node 
metastasis noninvasively in CRLM patients after chemotherapy. This nomogram can be used for individualized, 
noninvasive high-risk assessment and surgical planning for CRLM patients with suspected metastatic hepatic lymph 
nodes, thereby reducing unnecessary surgical procedures and the occurrence of complications.

ARTICLE HIGHLIGHTS
Research background
More than 50% of patients with colorectal cancer develop colorectal liver metastases (CRLM), and the presence of 
metastatic hepatic lymph nodes can greatly influence treatment decisions and patient outcomes. Precise preoperative 
prediction of hepatic lymph node status is beneficial for individualized treatment and reducing complications.

Research motivation
However, there is currently a lack of reliable radiological tools for predicting the presence of metastatic hepatic lymph 
nodes in CRLM prior to surgery.

Research objectives
The study aimed to assess the predictive ability of different diffusion-weighted imaging (DWI) models (mono-
exponential, bi-exponential, and stretched-exponential) in distinguishing between benign and malignant hepatic lymph 
nodes in CRLM patients who underwent neoadjuvant chemotherapy.

Research methods
A retrospective study was conducted involving 97 CRLM patients with pathologically confirmed hepatic lymph node 
status who underwent magnetic resonance imaging, including DWI with ten b values before and after chemotherapy. 
Various parameters, including apparent diffusion coefficient, the true diffusion coefficient, the pseudo-diffusion 
coefficient, the perfusion fraction, distributed diffusion coefficient (DDC), and α, derived from different DWI models, 
were measured and compared between positive and negative hepatic lymph node groups. A nomogram was constructed, 
and the reliability and agreement of the measurements were assessed using appropriate statistical analyses.

Research results
Multivariate analysis revealed that the pre-treatment DDC value and the short diameter of the largest lymph node after 
treatment were independent predictors of metastatic hepatic lymph nodes. A nomogram combining these factors 
demonstrated excellent performance in distinguishing between benign and malignant lymph nodes in CRLM patients, 
with area under the receiver operating characteristic curve of 0.873. Furthermore, parameters from the stretched-
exponential model showed substantial repeatability.

Research conclusions
The developed nomogram, incorporating the pre-treatment DDC and the short axis of the largest lymph node, can be 
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utilized to predict the presence of hepatic lymph node metastases in CRLM patients who undergo chemotherapy prior to 
surgery. This nomogram was found to be more valuable than quantitative parameters derived from multiple b values of 
DWI, exhibiting superior diagnostic performance.

Research perspectives
In the future, the nomogram can serve as a preoperative assessment tool for determining the status of hepatic lymph 
nodes and aiding in the decision-making process for surgical treatment in CRLM patients.
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Abstract
BACKGROUND 
Hepatic arterial infusion chemotherapy (HAIC) has been proven to be an ideal 
choice for treating unresectable hepatocellular carcinoma (uHCC). HAIC-based 
treatment showed great potential for treating uHCC. However, large-scale studies 
on HAIC-based treatments and meta-analyses of first-line treatments for uHCC 
are lacking.

AIM 
To investigate better first-line treatment options for uHCC and to assess the safety 
and efficacy of HAIC combined with angiogenesis inhibitors, programmed cell 
death of protein 1 (PD-1) and its ligand (PD-L1) blockers (triple therapy) under 
real-world conditions.

METHODS 
Several electronic databases were searched to identify eligible randomized 
controlled trials for this meta-analysis. Study-level pooled analyses of hazard 
ratios (HRs) and odds ratios (ORs) were performed. This was a retrospective 
single-center study involving 442 patients with uHCC who received triple therapy 
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or angiogenesis inhibitors plus PD-1/PD-L1 blockades (AIPB) at Sun Yat-sen University Cancer Center from 
January 2018 to April 2023. Propensity score matching (PSM) was performed to balance the bias between the 
groups. The Kaplan-Meier method and cox regression were used to analyse the survival data, and the log-rank test 
was used to compare the suvival time between the groups.

RESULTS 
A total of 13 randomized controlled trials were included. HAIC alone and in combination with sorafenib were 
found to be effective treatments (P values for ORs: HAIC, 0.95; for HRs: HAIC + sorafenib, 0.04). After PSM, 176 
HCC patients were included in the analysis. The triple therapy group (n = 88) had a longer median overall survival 
than the AIPB group (n = 88) (31.6 months vs 14.6 months, P < 0.001) and a greater incidence of adverse events 
(94.3% vs 75.4%, P < 0.001).

CONCLUSION 
This meta-analysis suggests that HAIC-based treatments are likely to be the best choice for uHCC. Our findings 
confirm that triple therapy is more effective for uHCC patients than AIPB.

Key Words: Unresectable hepatocellular carcinoma; Hepatic arterial infusion chemotherapy; Angiogenesis inhibitors; 
Programmed cell death protein 1; Programmed death ligand 1

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The network meta-analysis showed the treatment based on hepatic arterial infusion chemotherapy (HAIC) had the 
best efficacy on unresectable hepatocellular carcinoma (uHCC). The retrospective, relatively large-scale study suggested 
HAIC combined with angiogenesis inhibitors and programmed cell death protein 1 (PD-1)/programmed death ligand 1 (PD-
L1) blockers could improve the uHCC patients’ prognosis. After propensity score matching, it demonstrated that triple 
therapy was able to prolong the uHCC patients’ survival than angiogenesis inhibitors and PD-1/PD-L1 blockers.

Citation: Cao YZ, Zheng GL, Zhang TQ, Shao HY, Pan JY, Huang ZL, Zuo MX. Hepatic arterial infusion chemotherapy with anti-
angiogenesis agents and immune checkpoint inhibitors for unresectable hepatocellular carcinoma and meta-analysis. World J 
Gastroenterol 2024; 30(4): 318-331
URL: https://www.wjgnet.com/1007-9327/full/v30/i4/318.htm
DOI: https://dx.doi.org/10.3748/wjg.v30.i4.318

INTRODUCTION
Primary liver cancer is a malignant tumor of the digestive system that is common worldwide. China has a particularly 
high incidence of liver cancer, with approximately 410000 new cases and 391000 deaths annually; liver cancer is the 
second largest cause of cancer-related death in the country[1]. Among primary liver cancers, hepatocellular carcinoma 
(HCC) is the main pathological type. In the subclinical phase, patients tend to be asymptomatic. Therefore, at the time of 
diagnosis, most patients have already reached advanced stages of the disease. Therefore, fewer than 30% of patients are 
candidates for surgical resection[2,3].

According to several clinical trials, sorafenib and lenvatinib have been recommended by multiple authoritative 
guidelines as first-line treatment options for advanced HCC for some time[4-6]. The results of the IMbrave150 trial 
ushered in a new era in HCC therapy, in which angiogenesis inhibitors were combined with programmed cell death 
protein 1/programmed cell death ligand 1 (PD-1/PD-L1) blockees, which is now becoming the new standard first-line 
therapy[7]. Researchers have conducted several clinical studies on various immune-related drugs, angiogenesis 
inhibitors, and various combination regimens for unresectable HCC (uHCC). The FOHAIC study also revealed that 
hepatic arterial perfusion chemotherapy (HAIC) using the FOLFOX regimen was more effective than sorafenib in patients 
with uHCC[8]. Several studies have suggested that triple therapy has the potential to further improve the prognosis in 
patients with uHCC[9-12]. As the results of multiple clinical studies have been published, several questions remain 
surrounding this type of therapy, such as which treatment approach has the best therapeutic effect on uHCC? How 
effective is triple therapy when used in large-scale real-world clinical applications?

In this study, we attempted to identify the optimal treatment for uHCC based on data from phase III randomized 
controlled trials (RCTs) through a network meta-analysis. We also investigated the safety and efficacy of triple therapy in 
patients with HCC from a Chinese population under real-world conditions. We then performed propensity score 
matching (PSM) to compare triple therapy to angiogenesis inhibitors plus PD1/PDL1 blockers (AIPB), which has been 
recommended as a first-line treatment for uHCC by some guidelines[13,14]. This study also confirmed the safety of triple 
therapy under real-world conditions.
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MATERIALS AND METHODS
Literature search, data extraction, and network meta-analysis
We performed an extensive literature search of the PubMed, Embase, and Cochrane Library databases for RCTs 
published from January 1, 2018, to January 1, 2023. The Supplementary material details the search strategy and inclusion 
criteria. Two authors independently screened the trials for eligibility and extracted information from each one. The 
included RCTs were then assessed for risk of bias using the Cochrane risk of bias 2 tool, which showed low risk levels for 
all the included studies (Supplementary Figure 1).

Triple therapy real-world study
Patients who were treated with triple therapy or AIPB as a first-line treatment for advanced HCC between January 2018 
and April 2023 at the Department of Minimally Invasive Interventional Therapy, Sun Yat-sen University Cancer Center in 
Guangzhou, China, were screened for eligibility. HCC was diagnosed histologically or radiologically in accordance with 
the latest international guidelines[15]. The inclusion criteria were as follows: (1) Stage B (not applicable for surgery or 
progressed on locoregional therapy) or stage C HCC according to the Barcelona Clinic Liver Cancer (BCLC) staging 
system; (2) Child–Pugh score of A–C; (3) Eastern cooperative oncology group performance status (ECOG PS) of 0–2; (4) 
Age ≥ 18 years; and (5) At least one available follow-up data point. The exclusion criteria were as follows: (1) History of 
receiving any systemic chemotherapy, angiogenesis inhibitors, or immunotherapy; (2) Lack of medical imaging data; and 
(3) History of a second primary malignant tumor. The details are shown in the Supplementary materials. This study was 
reviewed and approved by the Sun Yat-sen University Cancer Center Ethics Committee. Informed consent was waived 
due to the retrospective nature of the analysis.

Treatment regimens: Small-molecule tyrosine kinase inhibitors such as sorafenib, a type of angiogenesis inhibitor, were 
administered orally, and the doses were determined based on the manufacturers’ instructions. Bevacizumab, another 
type of angiogenesis inhibitor, was administered intravenously at a dose of 15 mg/kg body weight every 3 wk. Atezol-
izumab, a type of programmed cell death ligand 1 blocker, was administered intravenously at a dose of 1200 mg every 3 
wk. Programmed cell death protein 1 (PD-1) blockers, including pembrolizumab, camrelizumab, tislelizumab, and 
sintilimab, were administered intravenously at 200 mg every 3 wk. Toripalimab, another PD-1 blocker, was injected 
through an intravenous drip of 240 mg every 3 wk following the instructions. The HAIC regimen was based on FOLFOX 
and consisted of 85 mg/m2 oxaliplatin, 200 mg/m2 calcium folinate, and 2.5 g/m2 5-fluorouracil every 3 wk. HAIC was 
performed under the guidance of digital subtraction angiography by interventional radiologists. The celiac axis, superior 
mesenteric artery, inferior phrenic artery and right renal artery were selectively catheterized for angiography. If 
angiography revealed that the HCC blood supply originated from different vessels, the main feeding artery was reserved 
for super selective catheterization, and an indwelling microcatheter was inserted into the HAIC while the other feeding 
vessels were embolized. During the study period, dose modifications and treatment interruptions were sometimes 
initiated according to drug-related toxicity grades, as recommended relative to the physiological condition of each 
patient. HAIC was performed for 4–6 rounds in the absence of disease progression. Patients received angiogenesis 
inhibitors and PD-1/PD-L1 blockers during and after HAIC treatment to consolidate the therapeutic effects in the long-
term.

Assessment of clinical outcomes: The patients involved in the study were followed up every 6–12 wk to assess treatment 
response. Radiological response was assessed according to the modified Response Evaluation Criteria in Solid Tumors 
(mRECIST) criteria based on liver dynamic computed tomography or magnetic resonance imaging data. The primary 
endpoint that was assessed was overall survival (OS), which was defined as the time from the start date of systemic 
chemotherapy or HAIC to death. progression-free survival (PFS) (the time from the start date of systemic chemotherapy 
or HAIC to the date of disease progression or death from any cause). The secondary endpoints that were determined 
included PFS and 6-, 12- and 24-mo OS rates; objective response rate (ORR); and adverse events (AEs). The ORR was 
defined as the proportion of patients who achieved a complete response (CR) or partial response (PR), and the disease 
control rate was defined as the proportion of patients who achieved CR, PR, or stable disease. AEs during treatment were 
identified using patient-reported symptom data, examination-based findings, and clinical laboratory test results. The 
National Cancer Institute Common Terminology Criteria for AEs, version 5.0, was used to classify AEs from any cause 
according to type and severity.

Statistical analysis
Unstratified hazard ratios (HRs) with 95%CI and odds ratios (ORs) with the number of responders and sample sizes that 
compared the different treatment regimens for treating uHCC were retrieved and synthesized to determine the overall 
treatment effects. Potential heterogeneity among the studies was assessed using I2 statistics. Random effects models were 
used to calculate pooled ORR or HR in the presence of significant heterogeneity (I2 > 50%); otherwise, the fixed effects 
model was used.

To account for the different distributions of covariates between the two groups, we performed PSM. Then, 1:1 mat-
ching was performed using nearest-neighbor matching based on the performance status data. In this study, the caliper of 
the match was 0.03. OS, PFS and survival rates were calculated using the Kaplan–Meier method and were compared 
between the groups using the log-rank test. Cox regression was used to explore the potential risk factors associated with 
survival time. All real-world clinical data are expressed as the mean ± SD, median (range), or number (%), as appropriate. 
Continuous variables were compared using Student’s t test (or the Mann–Whitney U test, if appropriate), and categorical 
variables were compared using the chi-square test (or Fisher’s exact test, if appropriate).

https://f6publishing.blob.core.windows.net/192c8e39-e183-45ca-8f66-d5298af10098/WJG-30-318-supplementary-material.pdf
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Table 1 P value of different interventions

Intervention OR Intervention HR

HAIC 0.9520107 HAIC + Sorafenib 0.03757857

HAIC + Sorafenib 0.9420071 HAIC 0.09333929

SIRT 0.8131607 TACE + Lenvatinib 0.098075

TACE + Lenvatinib 0.8014429 Sintilimab + Bevacizumabbiosimila 0.24973929

Sintilimab + Bevacizumabbiosimila 0.6559643 Camrelizumab + Rivoceranib 0.30909286

Lenvatinib + Pembrolizumab 0.5922857 Atezolizumab + Bevacizumab 0.35838929

Camrelizumab + Rivoceranib 0.5853643 Lenvatinib + Pembrolizumab 0.51200714

Durvalumab + Tremelimumab 0.523425 Durvalumab + Tremelimumab 0.52634286

Durvalumab 0.3891893 Donafenib 0.62278571

Atezolizumab + Bevacizumab 0.3369036 Tislelizumab 0.66164643

Lenvatinib 0.3254286 Nivolumab 0.67260357

Tislelizumab 0.2732107 Durvalumab 0.68975714

Nivolumab 0.1859964 Lenvatinib 0.78121071

Donafenib 0.1165357 Sorafenib 0.9135

Sorafenib 0.007075 SIRT 0.97393214

HAIC: Hepatic arterial infusion chemotherapy; TACE: Transcatheter arterial chemoembolization; SIRT: Selective internal radiation therapy; HR: Hazard 
ratio; OR: Odds ratio.

Statistical analyses were conducted using R v4.2.2 (R Core Team, Vienna, Austria). https://www.R-project.org/). Two-
sided P values < 0.05 were considered to indicate statistical significance.

RESULTS
Network meta-analysis on first-line treatment of uHCC
Literature search and screening results: Our initial literature search resulted 1735 articles. After deleting duplicate 
publications, 1079 articles remained. After screening the titles and abstracts, 68 articles were excluded. Our full-text 
review resulted in the removal of an additional seven articles. Ultimately, 13 studies involving 7817 patients were 
included in this network meta-analysis[6,8,16-25]. The literature selection process is described in Supplementary Figure 2, 
and the characteristics of the included patient population are shown in Supplementary Table 1.

Results of network-meta-analysis: ORRs per Response Evaluation Criteria in Solid Tumors 1.1 and HRs were reported in 
all 13 studies and included 15 different interventions. There was no significant heterogeneity between the studies (ORR: I2 
= 5%; HR: I2 = 7%), so the fixed-effects model was adopted. The P scores for ORR showed that the best ORR outcomes 
were obtained with HAIC compared to sorafenib (OR: 35.66; 95%CI: 9.94–249.91; P: 0.952; Table 1, Supplemen-
tary Figure 3, Supplementary Table 2). The P values for HRs showed that the lowest HRs were obtained with HAIC plus 
sorafenib compared to those with sorafenib alone (HR: 0.36; 95%CI: 0.25–0.52; P = 0.891; Table 1, Supplementary Figure 4, 
Supplementary Table 3).

Retrospective study
Baseline characteristics of the patients: A total of 442 patients with uHCC were enrolled in the study; 324 patients 
underwent triple therapy, and 118 patients underwent AIPB. The median follow-up times were 14.6 months and 16.8 ± 
10.3 months in the triple therapy group and 8.25 months and 11.7 ± 10.2 months in the AIPB group. The algorithm used 
for case enrollment is shown in Supplementary Figure 5. The average number of patients who received 5.08 ± 1.61 rounds 
of HAIC in the triple therapy group. Based on our multivariable logistic regression model, baseline characteristics, 
including age, ECOG PS, Child–Pugh class, maximum tumor diameter, AFP level, tumor number, and vascular invasion 
and extrahepatic metastasis conditions, which were significantly different between the groups, were matched (Table 2). 
After PSM, 88 patients in the triple therapy group were matched to 88 patients in the AIPB group (Table 2). The median 
age in both groups was 55.0 years, and all the patients were evaluated as having an ECOG PS ranging from 0-1. Notably, 
some patients in the AIPB group were diagnosed at an earlier stage. In other words, the proportion of BCLC C patients in 
the AIPB cohort was lower (87.5% vs 92%).

https://www.R-project.org/
https://f6publishing.blob.core.windows.net/192c8e39-e183-45ca-8f66-d5298af10098/WJG-30-318-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/192c8e39-e183-45ca-8f66-d5298af10098/WJG-30-318-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/192c8e39-e183-45ca-8f66-d5298af10098/WJG-30-318-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/192c8e39-e183-45ca-8f66-d5298af10098/WJG-30-318-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/192c8e39-e183-45ca-8f66-d5298af10098/WJG-30-318-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/192c8e39-e183-45ca-8f66-d5298af10098/WJG-30-318-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/192c8e39-e183-45ca-8f66-d5298af10098/WJG-30-318-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/192c8e39-e183-45ca-8f66-d5298af10098/WJG-30-318-supplementary-material.pdf
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Table 2 Baseline characteristics before or after propensity score matching, n (%)

Prior to PSM Following PSM
Variable Triple therapy (n = 

324) AIPB (n = 118) P value Triple therapy (n = 
88) AIPB (n = 88) P value

Age

        Mean (SD) 50.2 (11.2) 55.4 (11.6) < 0.001 54.2 (10.8) 53.9 (11.2) 0.859

        Median [Min, Max] 51.0 [23.0, 80.0] 56.5 [23.0, 82.0] 55.0 [26.0, 78.0] 55.0 [23.0, 74.0]

Sex

        Female 36 (11.1) 8 (6.8) 0.244 11 (12.5) 6 (6.8) 0.307

        Male 288 (88.9) 110 (93.2) 77 (87.5) 82 (93.2)

ECOG PS

        0 318 (98.1) 106 (89.8) < 0.001 85 (96.6) 85 (96.6) 1

        1 6 (1.9) 11 (9.3) 3 (3.4) 3 (3.4)

        2 0 (0) 1 (0.8) 0 (0) 0 (0)

Hepatitis virus

        Negative 27 (8.3) 15 (12.7) 0.228 11 (12.5) 12 (13.6) 1

        Positive 297 (91.7) 103 (87.3) 77 (87.5) 76 (86.4)

ALT

        mean (SD) 62.4 (72.8) 53.6 (34.9) 0.0894 58.4 (60.5) 53.2 (36.1) 0.489

        Median [Min, Max] 44.6 [8.90, 930] 45.4 [6.10, 196] 41.1 [8.90, 448] 44.6 [6.10, 196]

AST

        mean (SD) 92.5 (83.1) 88.3 (78.5) 0.627 82.0 (65.3) 87.1 (84.9) 0.657

        Median [Min, Max] 66.2 [13.5, 702] 66.8 [11.1, 470] 58.7 [13.5, 327] 63.7 [11.1, 470]

Child-Pugh class

        A 296 (91.4) 94 (79.7) 0.00133 75 (85.2) 77 (87.5) 0.826

        B 28 (8.6) 24 (20.3) 13 (14.8) 11 (12.5)

AFP > 400 ng/mL

        No 142 (43.8) 60 (50.8) 0.229 45 (51.1) 42 (47.7) 0.763

        Yes 182 (56.2) 58 (49.2) 43 (48.9) 46 (52.3)

Maximum diameter of 
tumor/cm

        mean (SD) 10.5 (4.25) 9.38 (4.75) 0.0291 9.86 (4.07) 9.57 (4.83) 0.668

        Median [Min, Max] 10.3 [1.90, 23.5] 9.25 [1.10, 21.0] 10.0 [2.10, 19.2] 9.10 [1.10, 20.5]

Tumor number

        Single 122 (37.7) 19 (16.1) < 0.001 21 (23.9) 19 (21.6) 0.857

        Multiple 202 (62.3) 99 (83.9) 67 (76.1) 69 (78.4)

Vascular invasion

        No 78 (24.1) 42 (35.6) 0.0221 25 (28.4) 30 (34.1) 0.515

        Yes 246 (75.9) 76 (64.4) 63 (71.6) 58 (65.9)

Extrahepatic metastasis

        No 171 (52.8) 45 (38.1) 0.00888 34 (38.6) 38 (43.2) 0.646

        Yes 153 (47.2) 73 (61.9) 54 (61.4) 50 (56.8)

BCLC
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        A 0 (0) 2 (1.7) 0.0632 0 (0) 2 (2.3) 0.309

        B 30 (9.3) 11 (9.3) 7 (8.0) 9 (10.2)

        C 294 (90.7) 105 (89.0) 81 (92.0) 77 (87.5)

AFP: Alpha-fetoprotein; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; AIPB: Angiogenesis inhibitors and programmed cell death 
protein 1/programmed cell death ligand 1 blockers; triple therapy: Hepatic arterial infusion chemotherapy plus angiogenesis inhibitors and programmed 
cell death protein 1/programmed cell death ligand 1 blockers; PSM: Propensity score matching; BCLC: Barcelona Clinic Liver Cancer; ECOG PS: Eastern 
Cooperative Oncology Group performance status.

Figure 1 A patients with unresectable hepatocellular carcinoma and inferior vena cava tumor thrombus who has received triple therapy 
and reached complete response according to modified Response Evaluation Criteria in Solid Tumors and the tumor thrombus has 
shrank completely. A-C: Images taken before treatment; D-F: Images taken at 1 month after hepatic arterial infusion chemotherapy; G-I: Images taken at the 
latest follow-up. A, D and G is arterial phase in the axial view. B, E and H is venous phase in the axial view. C, F and I is venous phase in the coronal view. The arrow 
denotes the tumor thrombus. R: Right; RF: Right foot; L: Left; LH: Left head.

Efficacy of different treatments: The ORR was 62.9% (n = 204) in the triple group and 29.7% (n = 35) in the AIPB group in 
the primary database. After PSM, the ORR of the triple therapy group was still greater (55.7% vs 35.2%, P = 0.032) 
(Supplementary Table 4). CR was observed in 21 patients prior to PSM and in 6 patients following PSM in the triple 
therapy group (an example can be seen in Figure 1). According to the Kaplan–Meier analysis, the primary data showed 
longer median PFS (11.1 months vs 6.0 months, P < 0.001) and median OS (not reached vs 11.8 months, P < 0.001) with 
triple therapy. After PSM, the median PFSs were estimated to be 12.5 months and 7.8 months (P = 0.036), and the median 
OS were 31.6 months and 14.6 months (HR = 2.42, 95%CI = 1.49-3.92, P < 0.001) in the triple therapy group and AIPB 
group, respectively (Figure 2). The 6-months, 12-months, and 24-months survival rates of the patients receiving triple 
therapy were 96.5%, 82.2% and 57.0%, respectively, while they were 73.5%, 54.3% and 37.7%, respectively, in the AIPB 
group.

Univariate analysis revealed that four factors had effects on OS in the triple therapy group: Larger tumor diameter, 
multiple foci, extrahepatic metastasis, Child–Pugh grade B and number of rounds of HAIC (Figure 3A). Cox multivariate 
regression analysis revealed that Child–Pugh grade B (HR: 1.74, P < 0.001; Figure 3B) and multiple foci (HR: 2.17, P < 
0.001; Figure 3B) were risk factors for poor long-term survival, and > 4 rounds of HAIC was a protective factor for 
survival (HR: 0.43, P < 0.001; Figure 3B). Survival analysis also revealed that patients who received > 4 rounds of HAIC 
(not reached vs 18.2 months; P < 0.001; Supplementary Figure 6A) or who were diagnosed with a single disease focus (not 
reached vs 24.6 months; P < 0.001; Supplementary Figure 6B) had longer OS. Subgroup analysis of OS using forest plots 
revealed that triple therapy was more effective in most patients, especially for males, Child-Pugh A patients, patients 
aged < 60 years, and patients diagnosed with multiple tumors or extrahepatic metastasis (Figure 3C).

https://f6publishing.blob.core.windows.net/192c8e39-e183-45ca-8f66-d5298af10098/WJG-30-318-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/192c8e39-e183-45ca-8f66-d5298af10098/WJG-30-318-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/192c8e39-e183-45ca-8f66-d5298af10098/WJG-30-318-supplementary-material.pdf
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Figure 2 Kaplan-Meier curves of progression-free survival and overall survival in the triple therapy group and angiogenesis inhibitors 
and programmed cell death protein 1/programmed cell death ligand 1 blockers group. A: Prior to propensity score matching (PSM), median 
progression-free survival (PFS) was 11.1 vs 6.0 mo, P < 0.001; B: Prior to PSM, median overall survival (OS) was not reached vs 11.8 mo, P < 0.001; C: Following 
PSM, median PFS was 12.5 vs 7.8 mo, P = 0.036; D: Following PSM, median OS was 31.6 vs 14.6 mo, P < 0.001. triple therapy: Hepatic arterial infusion 
chemotherapy plus angiogenesis inhibitors and programmed cell death protein 1/programmed cell death ligand 1 blockers; AIPB: Angiogenesis inhibitors and 
programmed cell death protein 1/programmed cell death ligand 1 blockers.

Safety of different treatments: After PSM, the incidence of AEs in the triple therapy group was greater than that in the 
AIPB group (94.3% vs 75.4%, P < 0.001). Although more Grade 3-4 AEs occurred in the triple therapy group, there was no 
significant difference in the incidence of Grade 3-4 AEs (56.8% vs 43.2%, P = 0.097), and there were no Grade 5 AEs 
(Table 3). The most common AE was abdominal pain in the triple therapy group, for which the incidence was 79.8% (259/
324). When they started HAIC treatment, many patients had varying degrees of abdominal pain during the infusion of 
oxaliplatin. This was typically managed by slowing the speed of infusion or temporarily stopping it. In some cases of 
particularly severe and acute abdominal pain, anisodamine or lidocaine was administered through intravenous injection 
or an arterial catheter to relieve the pain. Two patients developed hepatic comas following HAIC but fully recovered 
during treatment. In addition, liver dysfunction, including increases in aminotransferases and/or bilirubin, was relatively 
common in both groups, not only because of drug-related side effects but also because of their own background of liver 
cirrhosis.

DISCUSSION
Although the first-line treatment recommended by authoritative clinical guidelines for uHCC is AIPB, such as atezol-
izumab plus bevacizumab, these treatments have a number of limitations in clinical applications. The default anti-inflam-
matory or immunotolerant immune status of the liver may interfere with the drugs that act on it[26], which may lead to a 
relatively low ORR. The main cause of death among patients with uHCC is liver tumor progression[27,28]. Although 
there are a number of different protocols for administering AIPB, the median patient survival time using this approach 
has remained less than 24 months[17,19,20,29]. In addition, the IMbrave150 studies suggested that the effects of AIPB 
treatment are likely to be severely diminished if patients are diagnosed with high-risk factors, such as tumor invasion of 
the main trunk of the portal vein (Vp4), bile duct invasion, or/or tumor occupancy of ≥ 50% of the liver[17,30].
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Table 3 Summary of adverse events, n (%)

Before PSM After PSM

Triple therapy group (n = 
324) AIPB group (n = 118) Triple therapy group (n = 

88) AIPB group (n = 88)

Grade 1-2 Grade 3-4 Grade 1-2 Grade 3-4 Grade 1-2 Grade 3-4 Grade 1-2 Grade 3-4

Fever 67 (20.7) 23 (7.1) 4 (3.4) 2 (1.7) 20 (22.7) 8 (9.1) 4 (4.5) 0 (0)

Nausea 100 (30.9) 0 (0) 6 (5.1) 0 (0) 24 (27.3) 0 (0) 5 (5.7) 0 (0)

Vomit 32 (9.9) 15 (4.6) 7 (5.9) 6 (5.1) 7 (8.0) 3 (3.4) 6 (6.8) 4 (4.5)

Abdominal pain 97 (29.9) 162 (50.0) 18 (15.3) 18 (15.3) 24 (27.3) 44 (50.0) 15 (17.0) 13 (14.8)

ALT increased 79 (24.4) 125 (38.6) 32 (27.1) 39 (33.1) 27 (30.4) 33 (37.5) 22 (25.0) 29 (33.0)

AST increased 130 (40.1) 161 (49.7) 36 (30.5) 44 (37.3) 40 (45.5) 49 (55.7) 26 (29.5) 34 (38.6)

Hyperbilirubinemia 37 (11.4) 7 (2.2) 7 (5.9) 11 (9.3) 10 (11.4) 0 (0) 4 (4.5) 8 (9.1)

Anemia 37 (11.4) 8 (2.5) 7 (5.9) 4 (3.4) 11 (12.5) 1 (1.1) 5 (5.7) 3 (3.4)

Neutropenia 86 (26.5) 20 (6.2) 9 (7.6) 12 (10.2) 29 (33.0) 5 (5.7) 5 (5.7) 9 (10.2)

Thrombocytopenia 103 (31.8) 90 (27.8) 27 (22.9) 20 (16.9) 24 (27.3) 16 (18.2) 20 (22.7) 13 (14.8)

Bleeding 48 (14.8) 3 (0.9) 1 (0.8) 1 (0.8) 12 (13.6) 1 (1.1) 1 (1.1) 1 (1.1)

Diarrhea 62 (19.1) 60 (18.5) 22 (18.6) 3 (2.5) 17 (19.3) 5 (5.7) 17 (19.3) 3 (3.4)

Hoarseness 80 (24.7) 0 (0) 13 (11.0) 0 (0) 21 (23.9) 0 (0) 10 (11.4) 0 (0)

Rash 92 (28.4) 4 (1.2) 28 (23.7) 4 (3.4) 24 (27.3) 0 (0) 20 (22.7) 3 (3.4)

HFS 69 (21.3) 9 (2.8) 19 (16.1) 18 (15.3) 18 (20.5) 1 (1.1) 14 (15.9) 11 (12.5)

Hypertension 76 (23.5) 11 (3.4) 31 (26.3) 34 (28.8) 22 (25.0) 3 (3.4) 23 (26.1) 27 (30.7)

RCCEP 42 (13.0) 14 (4.3) 16 (13.6) 6 (5.1) 11 (12.5) 5 (5.7) 13 (14.8) 6 (6.8)

Hypothyroidism 64 (19.8) 8 (2.5) 2 (1.7) 0 (0) 18 (20.5) 2 (2.3) 0 (0) 0 (0)

Fatigue 32 (9.9) 31 (9.6) 4 (3.4) 4 (3.4) 6 (6.8) 8 (9.1) 3 (3.4) 2 (2.3)

Hepatitis 10 (3.1) 1 (0.3) 0 (0) 0 (0) 5 (5.7) 1 (1.1) 0 (0) 0 (0)

Coma 0 (0) 2 (0.6) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

AFP: Alpha-fetoprotein; AIPB: Angiogenesis inhibitors and programmed cell death protein 1/programmed cell death ligand 1 blockers; triple therapy: 
Hepatic arterial infusion chemotherapy plus angiogenesis inhibitors and programmed cell death protein 1/programmed cell death ligand 1 blockers; ALT: 
Alanine aminotransferase; AST: Aspartate aminotransferase; HFS: Hand-foot syndrome; RCCEP: Reactive cutaneous capillary endothelial proliferation.

Many uHCC patients in some areas, especially in China, are diagnosed with vascular invasion or/or a high tumor 
burden. The most effective way to prolong survival is to control liver lesions. In terms of local hepatic treatment for 
uHCC, the most popular choice for most physicians is transcatheter arterial chemoembolization (TACE). Nonetheless, if 
the tumor burden is high, there is a very high probability of “TACE failure/refractoriness”[31-33]. If patients are 
diagnosed with reduced or absent portal vein blood supplies caused by portal vein tumor thrombi or severe cirrhosis, the 
use of TACE will be limited. Several studies have revealed that HAIC is more effective than TACE for large HCCs[34]. 
The FOHAIC study suggested that FOLFOX-HAIC had a significant effect on patients with uHCC and that HAIC could 
be used as an additional local hepatic treatment for uHCC[8]. According to our meta-analysis, HAIC plus sorafenib or 
HAIC alone was able to prolong the survival time of patients with uHCC more than AIPB regimens. Unfortunately, there 
is a scarcity of prospective or retrospective studies with large sample sizes on triple therapy.

Our retrospective data revealed that triple therapy was effective and safe. The ORR, PFS, and OS of patients receiving 
triple therapy (ORR: 33.2% per mRECIST; PFS: 6.9 months; OS: 19.2 months) outperformed those of patients receiving 
most AIPB regimens. For example, this was true for atezolizumab plus bevacizumab (ORR: 33.2% per mRECIST; PFS: 6.9 
months; OS: 19.2 months) in the IMbrave150 trial; pembrolizumab plus lenvatinib (ORR: 40.8% per mRECIST; PFS: 8.2 
months; OS: 21.2 months) in the LEAP002 trial; and camrelizumab plus rivoceranib (ORR: 33.1% per mRECIST; PFS: 5.6 
months; OS: 22.1 months) in the CARES 310 study[7,17,19,29]. The survival benefit observed in this study may be due to 
the synergistic antitumor effects of these chemical agents. Transarterial chemotherapy can induce immunogenic cell death 
by releasing tumor-related antigens and supporting the evolution of tumor-specific CD8+ T cells, which may synergize 
with angiogenesis inhibitors to enhance the effect of PD-1/PD-L1 blockers[35-37]. Increased concentrations of drugs in 
the liver can cause liver lesions to shrink directly and slow the deterioration of liver function caused by disease 
progression. According to our survival analysis, the patients in the AIPB subgroup had shorter survival times than those 
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Figure 3 Forest plots of Cox regression analysis. A: The results of univariatable Cox regression in the triple therapy group prior to propensity score 
matching (PSM); B: The results of multivariable Cox regression in the triple therapy group prior to PSM; C: Subgroup analysis of overall survival after PSM. HR: 
Hazard ratio; ECOG: Eastern Cooperative Oncology Group; Inf: Infinite; EHM: Extrahepatic metastasis; AFP: Alpha-fetoprotein; ALT: Alanine aminotransferase; AST: 
Aspartate aminotransferase; triple therapy: Hepatic arterial infusion chemotherapy plus angiogenesis inhibitors and programmed cell death protein 1/programmed cell 
death ligand 1 blockers; AIPB: Angiogenesis inhibitors and programmed cell death protein 1/programmed cell death ligand 1 blockers; HAIC: Hepatic arterial infusion 
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chemotherapy.

in the other trials on AIPB regimens, likely due to their poor baseline conditions prior to treatment. More than half of the 
patients (n = 58) in the AIBP group were diagnosed with major vein tumor thrombus, and the mean maximum tumor 
diameter was more than 9 cm, suggesting that the patients in this group had high tumor burdens. The median OS of 
similar patients in the IMbrave150 study was only 7.8 months, which is consistent with the results of our study[30].

We also attempted to identify which factors could influence the effect of triple therapy and found that > 4 rounds of 
HAIC were a protective factor. Four rounds of HAIC represent a regimen similar to the median number of HAIC rounds 
reported in several other studies[8,38-40]. The number of HAIC rounds performed was strongly affected by each patient’s 
response to triple therapy because if tumors progress after the first few HAIC cycles, the HAIC cycles will be discon-
tinued. Multiple liver lesions have also been recognized as risk factors because the presence of multiple lesions often 
implies the presence of multiple feeding vessels. Therefore, even if attempts are made to embolize other arteries until 
there is only a single blood supply, there is a high probability that some small arteries may be missed. To ensure that all 
lesions can be treated by HAIC, a microcatheter should be placed in a larger blood vessel branch, which implies that more 
normal liver tissue is likely to be damaged by the administered drugs, potentially harming liver function.

Overall, the incidence of adverse reactions to triple therapy was greater than that reported in the AIPB group. The 
combination of HAIC and systematic treatments was able to increase the incidence of AEs; another reasonable 
explanation is that most AIBP patients were treated and followed up as outpatients so that some AEs, especially some 
slight AEs, were ignored. Notably, abnormal liver function was the common AE in the triple therapy group. However, 
unlike many other local treatments, the effects of HAIC on liver function appear to be largely short-term, with few 
apparent adverse effects on long-term survival. However, we believe that the limitation of triple therapy in the Child-
Pugh B population with poor hepatic functional reserve may result from irreversible liver injury secondary to 
chemotherapy. Another common AE, thrombocytopenia, is caused not only by myelosuppression due to chemotherapy 
but also by hypersplenism secondary to cirrhosis. A substantial proportion of the patients recovered from thrombocyt-
openia following splenic embolization.

A substantial amount of information was lost due to the limitations of this retrospective study. Our sample included 
only patients from China, so the study was inevitably affected by some degree of sampling bias. It remains unclear 
exactly which biomarkers can be used to judge patients’ prognoses. Studies at the cellular or molecular level could not be 
carried out due to a lack of tumor biopsy samples. To prove the efficacy and safety of triple therapy, additional large-scale 
prospective RCTs on this topic are warranted.

CONCLUSION
This meta-analysis suggested that HAIC-based treatment regimens were able to effectively improve the prognosis in 
patients with uHCC. Our findings confirmed that even though the triple therapy protocol increased the incidence and 
severity of AEs, it yielded a higher ORR and longer PFS and OS than AIPB.

ARTICLE HIGHLIGHTS
Research background
Unresectable hepatocellular carcinoma had been difficult to be treated in the past, hepatic arterial chemotherapy infusion 
chemotherapy (HAIC) as well as angiogenesis inhibitors plus programmed cell death protein 1/programmed cell death 
ligand 1 (PD-1/PD-L1) blockers were proved to prolong the unresectable hepatocellular carcinoma (uHCC) patients' 
survival, respectively. Meanwhile, some phase II single arm suggested that the combination of HAIC and angiogenesis 
inhibitors and PD-1/PD-L1 blockers (AIPB) (triple therapy) was effective in treating uHCC. But which treatment is the 
best choice was still confused. The study was designed to answer the question.

Research motivation
The best first-line treatment for uHCC was unclear and there was lack of studies to compare the efficacy and safety 
between triple therapy and AIPB. There were so many choices that clinical staff may be confused when they need to treat 
uHCC patients. If we can find the relatively better regimen, it is helpful for the standardization of the uHCC treatment to 
improve the patients' prognosis.

Research objectives
The study aimed to identified the HAIC and HAIC-based treatments was the best choice for uHCC. Based on the result, 
we explored the efficacy and safety of one of HAIC-based treatment, triple therapy in the real-world condition compared 
to AIPB. The results of the study could be the evidence to guide clinical reasonable treatment and prospective clinical 
study.
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Research methods
We have tried to perform a network meta-analysis to find the first choice to uHCC and identified the efficacy and safety 
of triple therapy compared to AIPB through a retrospective cohort study.

Research results
The network meta-analysis including 13 phase randomized controlled trials (RCTs) showed HAIC and HAIC-based 
treatments were likely to be the first choice to treat uHCC. HAIC plus camrelizumab plus AIPB (triple therapy) had better 
progression-free survival and overall survival than AIPB without HAIC for uHCC. Even though the incidence of adverse 
events in the triple therapy group was higher than the AIPB group, the safety of triple therapy was still acceptable.

Research conclusions
HAIC-based treatments were better than other regimens for treating uHCC. Triple therapy was more effective than AIPB 
in the Chinese uHCC population. All of the above results proved the significance of local treatments in the uHCC 
treating.

Research perspectives
There is absolutely a need for studies at the cellular or molecular level and additional large-scale prospective RCTs on this 
topic.
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Abstract
BACKGROUND 
Nonalcoholic fatty liver disease (NAFLD) is one of the most common chronic liver diseases in children and 
adolescents. NAFLD ranges in severity from isolated hepatic steatosis to nonalcoholic steatohepatitis (NASH), 
wherein hepatocellular inflammation and/or fibrosis coexist with steatosis. Circulating microRNA (miRNA) levels 
have been suggested to be altered in NAFLD, but the extent to which miRNA are related to NAFLD features 
remains unknown. This analysis tested the hypothesis that plasma miRNAs are significantly associated with 
histological features of NAFLD in adolescents.

AIM 
To investigate the relationship between plasma miRNA expression and NAFLD features among adolescents with 
NAFLD.

METHODS 
This study included 81 adolescents diagnosed with NAFLD and 54 adolescents without NAFLD from the Teen-
Longitudinal Assessment of Bariatric Surgery study. Intra-operative core liver biopsies were collected from 
participants and used to characterize histological features of NAFLD. Plasma samples were collected during 
surgery for miRNA profiling. A total of 843 plasma miRNAs were profiled using the HTG EdgeSeq platform. We 
examined associations of plasma miRNAs and NAFLD features using logistic regression after adjusting for age, 
sex, race, and other key covariates. Ingenuity Pathways Analysis was used to identify biological functions of 
miRNAs that were associated with multiple histological features of NAFLD.

RESULTS 
We identified 16 upregulated plasma miRNAs, including miR-193a-5p and miR-193b-5p, and 22 downregulated 
plasma miRNAs, including miR-1282 and miR-6734-5p, in adolescents with NAFLD. Moreover, 52, 16, 15, and 9 
plasma miRNAs were associated with NASH, fibrosis, ballooning degeneration, and lobular inflammation, 
respectively. Collectively, 16 miRNAs were associated with two or more histological features of NAFLD. Among 
those miRNAs, miR-411-5p was downregulated in NASH, ballooning, and fibrosis, while miR-122-5p, miR-1343-
5p, miR-193a-5p, miR-193b-5p, and miR-7845-5p were consistently and positively associated with all histological 
features of NAFLD. Pathway analysis revealed that most common pathways of miRNAs associated with multiple 
NAFLD features have been associated with tumor progression, while we also identified linkages between miR-122-
5p and hepatitis C virus and between miR-199b-5p and chronic hepatitis B.

CONCLUSION 
Plasma miRNAs were associated with NAFLD features in adolescent with severe obesity. Larger studies with more 
heterogeneous NAFLD phenotypes are needed to evaluate miRNAs as potential biomarkers of NAFLD.

Key Words: MicroRNA; Nonalcoholic fatty liver disease; Non-alcoholic steatohepatitis; Liver fibrosis; Lobular inflammation; 
Ballooning degeneration

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease in the world, and its 
prevalence in adolescents is increasing. Studies suggest plasma microRNAs (miRNAs) are dysregulated in NAFLD, but 
relevant observational studies are scarce. In this study, we analyzed the expression of plasma miRNA in adolescents 
diagnosed with NAFLD by liver biopsy. We identified associations between histological features of NAFLD and plasma 
miRNA expression. Further, we found consistent expression of miRNA across different features of NAFLD. Although these 
results need further testing and validation, our findings suggest these miRNAs could be diagnostic and prognostic 
biomarkers of NAFLD.

mailto:chatzi@usc.edu


Li YJ et al. Associations between NAFLD and plasma miRNA

WJG https://www.wjgnet.com 334 January 28, 2024 Volume 30 Issue 4

Citation: Li YJ, Baumert BO, Stratakis N, Goodrich JA, Wu HT, He JX, Zhao YQ, Aung MT, Wang HX, Eckel SP, Walker DI, Valvi 
D, La Merrill MA, Ryder JR, Inge TH, Jenkins T, Sisley S, Kohli R, Xanthakos SA, Baccarelli AA, McConnell R, Conti DV, Chatzi 
L. Circulating microRNA expression and nonalcoholic fatty liver disease in adolescents with severe obesity. World J Gastroenterol 
2024; 30(4): 332-345
URL: https://www.wjgnet.com/1007-9327/full/v30/i4/332.htm
DOI: https://dx.doi.org/10.3748/wjg.v30.i4.332

INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is defined by excessive fat accumulation in the liver and the presence of 
steatosis without heavy alcohol use[1,2]. NAFLD is comprised of two conditions: Nonalcoholic fatty liver (NAFL) and 
nonalcoholic steatohepatitis (NASH). Although both NAFL and NASH include accumulation of fat in hepatocytes, the 
histopathological abnormality in NASH involves further hepatocellular ballooning, fibrosis, and lobular inflammation[3-
6]. In the United States, the overall estimated prevalence of NAFL and NASH are approximately 30% and 5%, res-
pectively[7]. The prevalence of NAFLD in adolescents is 18.5%[8] and has more than doubled over the past 20 years to 
affect approximately one-half of adolescents with obesity[9,10]. Studies suggest that histopathological features of 
pediatric NAFLD are different from adult NAFLD[11,12], and children with NAFLD may experience increased risk of 
severe liver disease and higher liver-related mortality in adulthood[13].

Thus, early diagnosis and prevention of NAFLD among adolescents are crucial. Liver biopsy is the gold standard to 
diagnose NAFLD[14] yet is invasive and costly[15]. Alternately, noninvasive assessments for NAFLD such as blood tests 
of aspartate aminotransferase and alanine aminotransferase are commonly used[15,16], but are less predictive of more 
advanced NAFLD features such as NASH and fibrosis[17,18]. Nonetheless, more robust, noninvasive diagnostic 
biomarkers of the full spectrum of NAFLD disease severity, are needed.

MicroRNAs (miRNAs) are non-coding RNA that regulate gene expression[19]. In addition to intracellular activities, 
miRNA can be encapsulated in circulating extracellular vesicles that can convey biological information to recipient cells
[20]. Hence, miRNAs play crucial roles in various aspects of metabolism and are frequently dysregulated in the context of 
diseases[21]. Evidence suggests that dysregulation of miRNA is associated with NAFLD pathogenesis[22-26], via multiple 
pathways, including lipid metabolism, insulin signaling, hepatocyte apoptosis, hepatic inflammation, and liver fibrosis
[22,23]. To date, NAFLD–miRNA association studies in humans are scarce and have presented inconsistent results[25-
39], and only two studies included adolescents[38,39]. Moreover, only one study measured associations between lobular 
inflammation and ballooning degeneration with miRNA expression[32], and it focused solely on the expression of miR-
34a, miR-122, miR-191, miR-192, and miR-200a. Therefore, it is critical to further investigate the relationship between 
NAFLD and miRNA expression in adolescents.

The objectives of this study were to: (1) Examine the associations between circulating miRNA levels and histological 
characteristics of NAFLD in adolescents with obesity; and (2) investigate the pathways of identified NAFLD-related 
miRNA.

MATERIALS AND METHODS
Study population and design
This study was based on data from the Teen-Longitudinal Assessment of Bariatric Surgery (Teen-LABS study, Clinical-
Trials.gov NCT00465829), a prospective, multicenter, observational study of adolescents (≤ 19 years of age) with severe 
obesity who underwent bariatric surgery in 2007-2012 and enrolled at participating clinical centers in the United States: 
Cincinnati Children’s Hospital Medical Center (Cincinnati, Ohio), Nationwide Children’s Hospital (Columbus, Ohio), 
University of Pittsburgh Medical Center (Pittsburgh, Pennsylvania), Texas Children’s Hospital (Houston, Texas), and 
Children’s Hospital of Alabama (Birmingham, Alabama)[10,40-42]. The protocol, assent/consent forms, and monitoring 
plans for data and safety were approved by the institutional review boards of each institution, the independent data and 
safety monitoring board prior to study initiation, and the University of Southern California review board[10,40-42]. 
Detailed cohort information is described in previous studies[10,40-42].

Outcome measurement
Liver biopsies were obtained by a laparoscopically controlled, transabdominal core needle biopsy technique after 
induction of anesthesia and before performing the bariatric procedure[10,40-42]. Biopsies were evaluated by an 
experienced hepatopathologist using the NASH Clinical Research Network scoring system[43]. NAFLD features were 
categorized as definite NASH, borderline NASH, NAFLD not NASH (NAFL), and no NAFLD[10,44]. Other histological 
features of NAFLD were also categorized, including ballooning, lobular inflammation, and fibrosis[10].

MiRNA profile
Plasma samples were collected at baseline, typically within 30 days of bariatric surgery and stored at -70 ℃. Analyses 
were performed at HTG Molecular Diagnostics, Inc. (Tucson, AZ) for HTG EdgeSeq miRNA sequencing. HTG EdgeSeq 
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uses EdgeSeq miRNA Whole Transcriptome Assay and Illumina HiSeq 4000 to quantify 2083 mature miRNA. For quality 
control, triplicate internal human brain tissue controls were sequenced. HTG EdgeSeq Parser software (version 
5.0.535.3181) was used for alignment to a priori defined target sequences. The following quality control measures were 
implemented: (1) Percentage of bases with a quality score 30  ≥  87%; (2) percentage of clusters passing filter ≥  75%; (3) 
cluster density of 180-290 k/mm2; and (4) all samples passing HTG-defined criteria, including > 500000 reads, < 14% 
reads aligned to positive control probes, and > 0.08 relative standard deviation of reads allocated to each probe with each 
sample. To correct technical batch effects, we used the ComBat_seq function of the sva package in R[45]. Sequencing reads 
were normalized within and across plates using relative log expression[46]. The reliability of each probe was determined 
by calculating the coefficient of variation for each miRNA across human brain tissue control samples. Analysis included a 
total of 843 miRNAs with coefficient of variation ≤ 0.25 in replicate control samples. All final counts were converted to 
counts per million and log2-transformed prior to analysis.

Confounders and covariate data
Standardized methods for Teen-LABS data collection have been described previously[10,40-42]. We included participant 
characteristics as important confounders, including: Age[47-49], body mass index (BMI)[49-51], sex[49,52,53], weight loss 
prior to surgery[54,55], and covariates, such as race[56,57], parents’ income[58,59] and clinical site of surgery. Data were 
collected within 30 days of bariatric surgery at in-person visits with trained study personnel. Detailed descriptions of 
methods, comorbidities, data definitions, medical record data, and laboratory testing can be found in previous public-
ations[10,40-42].

Statistical analysis
Due to the low frequency of borderline NASH (n = 22, 16.3%) and definite NASH (n = 8, 5.9%) in the study population, 
these two categories were combined and referred to as general NASH (n = 30, 22%). Similarly, we grouped the two 
ballooning degeneration conditions, which were prominent (n = 5, 3.7%) and less characteristics (n = 16, 11.9%), to create 
a general ballooning group (n = 21, 15.6%). These groupings ensured an adequate sample size for meaningful analysis 
and interpretation of results. To investigate associations between histological features of NAFLD and miRNA, we used 
multivariate logistic regression to investigate miRNA expression in participants with NAFLD (NAFL and NASH). 
Additional comparisons between each histological grouping, including NASH (NASH vs. NAFL), fibrosis, lobular inflam-
mation, and ballooning, were performed using independent logistic regression models for each comparison. Coefficient 
estimates of miRNA expression change (log odds ratio), standard errors, and P value for each miRNA relationship were 
calculated. To account for multiple comparisons, we applied the false discovery rate (FDR) approach with a threshold of 
0.05 to adjust P values from each regression analysis. All models were adjusted by covariates. All statistical analysis was 
conducted in RStudio version 1.0.143 (RStudio: Integrated Development for R. RStudio, Inc., Boston, MA, United States, 
http://www.rstudio.com/).

Pathway analysis
We investigated pathways of NAFLD-related miRNA in both miRbase and the Kyoto Encyclopedia for Genes and 
Genomes from Ingenuity Pathway Analysis (IPA) (Qiagen Inc., https://www.qiagenbioinformatics.com/products/
ingenuitypathway-analysis)[60-62]. Given that an individual miRNA can participate in numerous pathways, we used the 
miRNA Target Filter tool from IPA and selected experimentally observed diseases and functions of NAFLD-related 
miRNA in humans.

RESULTS
Characteristics of the study population
The analysis consisted of 135 study participants with complete data. The mean age was 16.9 years (SD = 1.5), mean BMI 
was 53.8 kg/m2 (SD = 9.8), and 73.3% were female. Because more than half of study participants were recruited from a 
single clinical site, we re-categorized study site as a binary variable for subsequent regression models. Study population 
characteristics are summarized in Table 1.

Prevalence of histological features of NAFLD
By histological analysis, 40% of participants did not have NAFLD, while 37.8% were diagnosed with NAFL, 16.3% with 
borderline NASH, and 5.9% with definite NASH at the time of surgery. Notably, a high proportion of participants from 
the Teen-LABS cohort exhibited progressive histopathological features associated with NAFLD-19.3% were diagnosed 
with fibrosis, and 71.9% were diagnosed with lobular inflammation. Furthermore, 3.7% of participants were diagnosed 
with prominent ballooning degeneration, while 11.9% exhibited ballooning with fewer characteristics. Distribution of 
NAFLD features is summarized in Table 1.

Associations of plasma miRNA expression with histological features of NAFLD
The distribution of NAFLD–miRNA associations is shown in Supplementary Table 1, Figure 1A. We found 38 associ-
ations between NAFLD and plasma miRNA expression levels. A subset of 16 miRNA displayed upregulation, while a 
subset of 22 miRNAs demonstrated downregulation. There was dysregulation of 17 downregulated miRNAs and 35 
upregulated miRNAs in patients with NASH relative to those with NAFL (Supplementary Table 2, Figure 1B). However, 

http://www.rstudio.com/
https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis
https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis
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Table 1 Baseline characteristics of teen-longitudinal assessment of bariatric surgery participants, n = 135

Characteristics Mean (SD)/n (%)

Age (yr) 16.86 (1.53)

BMI (kg/m2) 53.80 (9.81)

Weight loss prior to surgery (kg) 0.69 (8.36)

Sex

Female 99 (73.33)

Male 36 (26.67)

Race (binary)

White or Caucasian 93 (68.89)

Others 42 (31.11)

Parents’ income

< $25000 53 (39.26)

$25000-$74999 57 (42.22)

≥ $75000 25 (18.52)

NAFLD

NAFL 51 (37.78)

Borderline NASH 22 (16.30)

Definite NASH 8 (5.93)

No NAFLD 54 (40.00)

Fibrosis

Presence 26 (19.26)

None 109 (80.74)

Ballooning degeneration

Many, prominent 5 (3.70)

Less characteristics 16 (11.86)

None 114 (84.44)

Lobular inflammation

Presence 97 (71.85)

None 38 (28.15)

BMI: Body mass index; NAFL: Nonalcoholic fatty liver; NAFLD: Nonalcoholic fatty liver disease; NASH: Nonalcoholic steatohepatitis.

these findings did not retain significance after applying multiple comparison adjustments (FDR > 0.05).
Within the group of participants with fibrosis (n = 26), we observed downregulation of 8 miRNAs and upregulation of 

8 miRNAs compared to participants without fibrosis (n = 109). Additionally, in participants with ballooning (n = 21), we 
identified 15 altered miRNAs, including downregulation of miR-1224-5p, miR-369-5p, miR-411-5p, and miR-500b-5p. 
Among participants diagnosed with lobular inflammation (n = 97), we identified downregulation of 6 miRNAs and 
upregulation of miR-1244, miR-125b-2-3p, and miR-365b-5p compared to individuals without lobular inflammation. 
Associations among ballooning, fibrosis, and lobular inflammation with plasma miRNA levels are depicted in Supple-
mentary Tables 3-5 and Figure 1C-E. However, no associations met statistical significance after multiple comparison 
adjustment (FDR > 0.05).

Integration of miRNA profiles associated with multiple histological features of NAFLD
A total of 16 miRNAs exhibited differences in expression across two or more histological features of NAFLD (Figure 2). 
MiR-193a-5p was consistently upregulated in NASH, ballooning and fibrosis; miR-193b-5p was consistently upregulated 
in NAFLD, NASH, and fibrosis; expression of miR-411-5p was downregulated in NASH, ballooning, and fibrosis. 
Additionally, we observed inconsistent expression patterns of miR-1301-5p and miR-1296-5p between NAFLD and 
NASH-miR-1301-5p and miR-1296-5p were upregulated in NAFLD yet downregulated in NASH. Additionally, we 

https://f6publishing.blob.core.windows.net/5faf74e1-7c02-496e-865d-9516d0b08145/WJG-30-332-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/5faf74e1-7c02-496e-865d-9516d0b08145/WJG-30-332-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/5faf74e1-7c02-496e-865d-9516d0b08145/WJG-30-332-supplementary-material.pdf


Li YJ et al. Associations between NAFLD and plasma miRNA

WJG https://www.wjgnet.com 337 January 28, 2024 Volume 30 Issue 4

Figure 1 Volcano plots of associations between histological features of nonalcoholic fatty liver disease and microRNA expression. A: 
MicroRNAs (miRNAs) associated with nonalcoholic fatty liver disease (NAFLD); B: MiRNAs associated with nonalcoholic steatohepatitis (NASH) relative to 
nonalcoholic fatty liver; C: MiRNAs associated with ballooning; D: MiRNAs associated with fibrosis; E: MiRNAs associated with lobular inflammation. Solid horizonal 
line represents P = 0.05, and any dots above the line indicate miRNAs with significant associations. Negative associations are in blue; positive associations are in 
red; black dots below the solid line represent insignificant miRNAs; higher absolute x-value of a dot indicates greater magnitude of change in miRNA expression in 
patients with histological progression of NAFLD, either increased (x > 0) or decreased (x < 0); higher y-value of a dot indicates smaller P value of associations. 
NAFLD: Nonalcoholic fatty liver disease; NASH: Nonalcoholic steatohepatitis.

observed downregulation of miR-7150 in NAFLD, and this miRNA was conversely upregulated in individuals with 
ballooning.

The 16 miRNAs associated with two or more histological features of NAFLD were subsequently subjected to scaling 
and grouped into two distinct clusters using the k-means clustering algorithm and the elbow method[63-66]. Cluster 1 
comprised 6 miRNAs, the majority of which were upregulated in individuals with NAFLD. However, these miRNAs 
were mostly downregulated in patients with NASH, fibrosis, lobular inflammation, and ballooning. Cluster 2 
encompassed 10 miRNAs, most of which were upregulated in NASH, fibrosis, and ballooning. In addition to overall 
inconsistency between the clusters, we noted consistent upregulation of miR-122-5p, miR-1343-5p, miR-193a-5p, miR-
193b-5p, and miR-7845-5p across histological features of NAFLD. Figure 2 shows a graphical representation of associ-
ations between multiple histological features of NAFLD and miRNA expression.

Pathway analysis of miRNA associated with multiple histological features of NAFLD
We conducted pathway analysis on the 16 miRNAs associated with two or more histological features of NAFLD. Analysis 
revealed 16 experimentally confirmed pathways predominantly involving 6 overlapping NAFLD-related miRNAs in 
humans (Table 2). Specifically, miR-122-5p, miR-193b-5p, miR-199b-5p, and miR-323-3p were associated with apoptosis of 
tumor cell lines, while miR-122-5p, miR-193a-5p, and miR-199b-5p were associated with cell migration. Notably, miR-122-
5p and miR-199b-5p were associated with multiple pathways in humans. For example, miR-122-5p was associated with 
production of hepatitis C virus, RNA decay, metastatic hepatocellular carcinoma, replication of viral replicon, and 
invasion of hepatoma cell lines. Similarly, miR-199b-5p was associated with congenital adrenal hyperplasia, chronic 
hepatitis B, early-stage invasive cervical squamous cell carcinoma, and proliferation of myeloma cell lines.
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Table 2 Pathway analysis for miRNA associated with multiple histological features of non-alcoholic fatty liver disease in teen-
longitudinal assessment of bariatric surgery participants

Disease and functions miRNA

Apoptosis of tumor cell lines miR-122-5p, miR-193b-5p, miR-199b-5p, miR-323-3p

Migration of cells miR-122-5p, miR-193a-5p, miR-199b-5p

Apoptosis of myeloma cell lines miR-122-5p, miR-193a-5p

Dedifferentiated liposarcoma miR-193a-5p, miR-199b-5p

Production of hepatitis C virus miR-122-5p

Decay of RNA miR-122-5p

Metastatic hepatocellular carcinoma miR-122-5p

Replication of viral replicon miR-122-5p

Invasion of hepatoma cell lines miR-122-5p

Chemosensitivity of squamous cell carcinoma cell lines miR-193a-5p

Epithelial-mesenchymal transition of adenocarcinoma cell lines miR-193a-5p

Migration of adenocarcinoma cell lines miR-193a-5p

Congenital adrenal hyperplasia miR-199b-5p

Chronic hepatitis B miR-199b-5p

Early-stage invasive cervical squamous cell carcinoma miR-199b-5p

Proliferation of myeloma cell lines miR-199b-5p

A total of 16 miRNA were included as input for independent practice association. To ensure reliability and relevance of results, we specifically extracted 
pathways that were experimentally confirmed in human studies, considering only those with P < 0.05.

DISCUSSION
Our study is the first to show associations between histological features of NAFLD and expression of plasma miRNA in 
adolescents with severe obesity. The IPA results revealed that miRNAs associated with multiple NAFLD features were 
linked to cancer, hepatitis B and hepatitis C. Our findings have several important implications. First, our findings were 
consistent with previous epidemiological studies[26]. Additionally, we identified novel NAFLD-miRNA associations. 
Moreover, our findings revealed consistent patterns of miRNA expression across various histological features of NAFLD, 
diagnosed using gold standard methods. The consistency of miRNA expression trends across different NAFLD features 
strengthen their potential utility as valuable diagnostic and prognostic markers for NAFLD.

Associations between histological features of NAFLD and miRNA expression
Among the 38 NAFLD-related miRNAs identified in our study, several associations are comparable to published 
epidemiological studies. Our findings demonstrating positive associations between NAFLD and expression of miR-193a-
5p, and miR-7150 align with current epidemiological studies[26]. However, it is noteworthy that Soronen et al[67] 
reported increased expression of hepatic miR-584-5p in those with NAFLD, while we found a negative association 
between NAFLD and plasma miR-584-5p levels. However, this differential expression may be attributed to variation in 
miRNA measurement sites, as contrasting expression patterns between hepatic miR-122[30] and serum miR-122[36] have 
been reported in those with NASH.

Additionally, NASH-related miRNA findings from our study align with current research findings. For example, we 
identified increased expression of miR-2861, miR-3940-5p, miR-6727-5p, miR-6771-5p, miR-6780b-5p, miR-6845-5p, and 
miR-7114-3p in participants with NASH, consistent with reported positive associations between these miRNAs in the 
setting of NAFLD and/or NASH[26]. However, it is important to note that this previous study also demonstrated 
downregulation of miR-6741-5p, miR-6782-5p, and miR-7108-5p in individuals with NAFLD and/or NASH[26], which 
contrasts with our observation of positive associations between these miRNA and NASH. We also observed a negative 
association between NASH and miR-182-5p, while mouse studies suggest this miRNA attenuates NASH[68]. In addition, 
Katsura et al[69] reported downregulation of miR-301b in mice with NASH, which is consistent with our findings.

We identified more miRNAs specifically associated with ballooning degeneration, fibrosis, and lobular inflammation, 
respectively. Among these miRNAs, we identified increased levels of plasma miR-34a-5p in participants with liver 
fibrosis, while epidemiological studies also show upregulation of miR-34a in NAFLD and NASH patients[29].
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Figure 2 Heatmap of microRNA associated with two or more histological features of nonalcoholic fatty liver disease. Heatmap for association 
between microRNA (miRNA) expression and histological features of nonalcoholic fatty liver disease (NAFLD) in Teen-Longitudinal Assessment of Bariatric Surgery 
participants. Red indicates positive association, and purple indicates negative association. 16 miRNAs were associated with two or more histological features and 
were assigned into two clusters by k-means clustering. Cluster 1 (red bar on left) includes 6 miRNAs that are mostly upregulated in patients with NAFLD, but 
downregulated in patients with nonalcoholic steatohepatitis (NASH) (relative to nonalcoholic fatty liver), ballooning, fibrosis, and lobular inflammation. Cluster 2 (green 
bar on left) includes 10 miRNAs that are mostly upregulated in the presence of NASH, ballooning and fibrosis. aP < 0.05, bP < 0.01, cP < 0.001. NAFLD: Nonalcoholic 
fatty liver disease; NASH: Nonalcoholic steatohepatitis.

Integration of miRNA expression across NAFLD features
We identified several miRNAs associated with two or more NAFLD features. Interestingly, plasma levels of miR-122-5p, 
miR-1343-5p, miR-193a-5p, miR-193b-5p, and miR-7845-5p exhibited consistent increases across all histological features of 
NAFLD. Similarly, previous studies reported that miR-122-5p and miR-193a-5p were upregulated in individuals with 
NAFLD[26,33]. Moreover, Johnson et al[26] found strong associations between increased miR-193a-5p levels and NAFLD 
activity grade and fibrosis stage. Furthermore, Pirola et al[36] reported increased expression of serum miR-125b in 
individuals with NAFLD. Similarly, we found upregulated plasma miR-125b-2-3p expression with NAFLD and lobular 
inflammation.

Additionally, our analysis revealed decreased levels of miR-1296-5p, miR-1301-5p, miR-199b-5p, miR-411-5p, and miR-
6885-3p in NASH compared to NAFL, while these levels were elevated in NAFLD compared to individuals without 
NAFLD. These miRNAs also demonstrated predominantly negative associations with fibrosis, lobular inflammation, and 
ballooning (Figure 2). Notably, the downregulation of miR-411-5p aligned with a recent study by Wan et al[70], which 
reported decreased expression of serum miR-411-5p in persons with NASH. Collectively, the distinct expression patterns 
observed across various NAFLD features suggest that these miRNAs may serve as potential biomarkers for NAFLD 
progression.

Pathway analysis of miRNA associated with histological features of NAFLD
An increasing body of research have investigated the associations between NAFLD and miRNA expression, yet little is 
known about mechanisms underlying the dysregulation of circulating miRNA in NAFLD patients. We first conducted 
pathway analysis by IPA, and the results revealed that most overlapping miRNA were associated with tumorigenesis. 
Analysis also highlighted linkage between miR-122-5p and production of hepatitis C virus and between miR-199b-5p and 
chronic hepatitis B. Given the high prevalence of NAFLD in those with hepatitis C virus and the reported associations 
among miR-122, hepatitis C virus, and NAFLD[34], the relationship among miR-122-5p, hepatitis C virus, and NAFLD 
warrants further attention[71]. Furthermore, meta-analyses suggest an inverse association between hepatitis B virus 
infection and risk of developing NAFLD[72], offering potential insights into the mechanisms involving miR-199b-5p in 
NAFLD in the context of hepatitis B virus infection.

Experimental studies provide valuable insights into the molecular mechanisms underlying associations between 
NAFLD and miRNA expression while minimizing confounding variables intrinsic to human observational studies. 
Particularly, miR-122, a highly expressed hepatic miRNA in hepatocytes, is associated with NAFLD progression by 
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Table 3 Molecular pathways of non-alcoholic fatty liver disease-associated miRNA in teen-longitudinal assessment of bariatric surgery 
participants

miRNA Target Function

miR-122 SIRT-1[73]; FOXO3[74] miR-122 downregulates SIRT-1 and induces steatosis and hepatic lipogenesis in NAFLD[73]; miR-
122-5p inhibits FOXO3 to attenuate inflammatory response and oxidative stress damage in 
NAFLD[74]

miR-125b TNFAIP3[79] miR-125b targets TNFAIP3 and promotes the NF-κB-mediated inflammatory response in NAFLD
[79]

miR-146a MED1[75] miR-146a targets MED1 and improves hepatic lipid and glucose metabolism in NAFLD[75]

miR-181a PPARα[76] miR-181a inhibits PPARα and aggravates lipid accumulation in hepatocytes[76]

miR-22 SIRT-1[78] miR-22 targets SIRT-1 and inhibits gluconeogenesis[78]

miR-34a TGF-β1/Smad3[80] miR-34a-5p targets TGF-β1/Smad3 and inhibits liver fibrosis in hepatic stellate cells[80]

miR-375 RAC1[81] miR-375 inhibits RAC1 and alleviates liver fibrosis[81]

FOXO3: Forkhead box O 3; SIRT-1: Sirtuin 1; TNFAIP3: Tumor necrosis factor alpha-induced protein 3; MED1: Mediator complex subunit 1; PPARα: 
Peroxisome proliferator-activated receptor-α; TGF-β1: Transforming growth factor-β1; Smad3: Mothers against decapentaplegic family 3; RAC1: Rac family 
small GTPase 1; NAFLD: Non-alcoholic fatty liver disease.

regulating lipid metabolism[23]. For example, Long et al[73] revealed that miR-122 inhibited liver kinase B1/AMP-
activated protein kinase signaling pathway, which further induced hepatic lipogenesis and steatosis in NAFLD. 
Additionally, the inhibition of miR-122-5p may suppress the inflammation and oxidative stress damage in NAFLD[74]. 
Given the observed upregulation of circulating miR-122 and downregulation of hepatic miR-122 in NASH patients[30,
36], the elevated circulating miR-122-5p across NAFLD features in our study might be released by hepatocytes. 
Furthermore, we identified downregulation of plasma miR-146a-5p, miR-181a-5p, and miR-22-3p in individuals with 
NAFLD, which is supported by experimental studies of miRNA. For example, miR-146a targeted complex subunit 1 to 
attenuate lipid accumulation and alleviate NAFLD progression in mice[75]. Additionally, miR-181a was found to 
downregulate peroxisome proliferator-activated receptor-α and mediate lipid metabolisms in NAFLD in human liver 
cells[76]. Moreover, miR-22 is a pivotal regulator of lipid and glucose metabolism, playing a crucial role in mitigating 
NAFLD progression in mice[77]. For example, miR-22 inhibited sirtuin-1 and regulated gluconeogenesis in NAFLD[78]. 
We also observed increased expression of miR-125b-2-3p in both NAFLD and lobular inflammation, while studies 
indicated that miR-125b promoted the nuclear factor kappa-light-chain-enhancer of activated B cells-mediated inflam-
matory response in NAFLD[79]. Furthermore, we observed positive associations between liver fibrosis and expression of 
miR-34a-5p and miR-375, while experimental research suggested that both miR-34a-5p and miR-375 could alleviate liver 
fibrosis[80,81]. Together these experimental data support a plausible biological mechanism of NAFLD-miRNA 
association (Table 3).

Strength, limitations, and recommendations for future research
Our study has several strengths. Liver biopsies are considered the gold standard in NAFLD assessment, thus ensuring 
robust and accurate diagnoses of our study. Besides, the consistency of our NAFLD–miRNA associations with epidemi-
ological studies further reinforced the importance of circulating miRNA in NAFLD, supporting their potential use as 
diagnostic markers. Additionally, our study revealed NAFLD-miRNA associations that have only been previously 
recognized in experimental research, enhancing the translational value of our findings. By bridging the gap between 
experimental research and clinical observations, our study helps unravel the complexities of NAFLD and its potential 
management strategies. Furthermore, our study provides comprehensive characterization of more severe NAFLD 
features through liver biopsies. Previous studies only profiled specific miRNAs, namely miR-34a, miR-122, miR-191, miR-
192, and miR-200a, in patients with ballooning and lobular inflammation[32], while our study conducted an analysis of 
843 miRNAs across various histological features of NAFLD. By integrating miRNA expression across these histological 
features of NAFLD, we uncovered consistent expression patterns of plasma miRNA that hold promise as potential 
NAFLD biomarkers. Conversely, miRNAs that exhibit differential expression across histological features also warrant 
further investigation to understand their specific roles and mechanisms in NAFLD pathogenesis.

However, this study was not without limitations. The miRNAs were profiled at baseline, limiting the ability to 
establish a straightforward causal relationship between NAFLD and plasma miRNA expression. Investigations 
incorporating longitudinal cohort study designs could better elucidate the temporal relationship and causal associations 
between NAFLD and plasma miRNA expression. Given our specific focus on adolescents with obesity, who are at high 
risk of developing NAFLD[10,50,51], and the limitations arising from our small sample size, a validation for generaliz-
ability is imperative. The limitation in sample size is an inherent consequence of our methodological choice to employ 
liver biopsy for NAFLD diagnosis. While liver biopsy ensures accurate and definitive diagnosis, its invasiveness and cost 
present challenges in expanding the participant pool[82]. Studies with larger and more diverse populations would 
facilitate more robust and conclusive findings regarding NAFLD–miRNA associations.
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CONCLUSION
Our study provides valuable insights into differential miRNA expression in adolescents with NAFLD. In addition to the 
previously reported miR-122-5p, miR-193a-5p, and miR-34a, our findings reveal the presence of novel NAFLD-associated 
miRNAs, namely miR-125b-2-3p and miR-193b-5p. Furthermore, our research underscores similar expression trend of 
specific miRNAs, such as miR-122-5p, miR-1343-5p, miR-193a-5p, miR-193b-5p, and miR-7845-5p, across all histological 
features of NAFLD, highlighting their potential roles in pathogenesis and promise as diagnostic and prognostic 
biomarkers for NAFLD. Plasma miRNAs hold potential to distinguish different stages and phenotypes of NAFLD, 
allowing for more precise clinical disease classification and targeted management strategies.

ARTICLE HIGHLIGHTS
Research background
Nonalcoholic fatty liver disease (NAFLD) is the most prevalent chronic liver diseases in the world, impacting approx-
imately 25% of the population. The gold standard for NAFLD diagnosis is liver biopsy, yet it is invasive and expensive. 
Therefore, it is essential to provide alternative methods for NAFLD diagnosis. Recent studies propose that plasma 
microRNAs (miRNAs) are potential biomarkers for NAFLD, though research in this area remains limited.

Research motivation
This study is motivated by the current gaps of concerning associations between plasma miRNAs and NAFLD. This study 
aims to identify potential biomarkers for NAFLD diagnosis and NAFLD progression.

Research objectives
The objective of this study is to investigate associations between histological features of NAFLD and plasma miRNAs in 
adolescents with severe obesity.

Research methods
A total of 135 participants from the Teen Longitudinal Assessment of Bariatric Surgery (Teen-LABS) study were included 
in this study. Within Teen-LABS, the histological features of NAFLD, including NAFLD, nonalcoholic steatohepatitis 
(NASH), ballooning degeneration, fibrosis, and lobular inflammation, are characterized based on liver biopsy. 
Multivariate logistic regression was employed to investigates associations between NAFLD features and 843 plasma 
miRNAs. Pathway analysis was performed for identified NAFLD-associated miRNA by Ingenuity Pathway Analysis 
(IPA).

Research results
In the present study, we identified 38, 52, 16, 15, and 9 plasma miRNAs associated with NAFLD, NASH, fibrosis, 
ballooning, and lobular inflammation, respectively. Among these miRNA, miR-122-5p, miR-1343-5p, miR-193a-5p, miR-
193b-5p, and miR-7845-5p were consistently upregulated across NAFLD features. In contrast, miR-1296-5p, miR-1301-5p, 
miR-199b-5p, miR-411-5p, and miR-6885-3p were positively associated with NAFLD, yet displayed predominant 
decreasing in NASH, fibrosis, ballooning, and lobular inflammation. IPA results suggested that most of NAFLD-
associated miRNAs were related to cancer.

Research conclusions
Positive and consistent associations were observed between miR-122-5p, miR-1343-5p, miR-193a-5p, miR-193b-5p, and 
miR-7845-5p and NAFLD features, indicating their potential as biomarkers for NAFLD diagnosis. Additionally, miR-
1296-5p, miR-1301-5p, miR-199b-5p, miR-411-5p, and miR-6885-3p showed different patterns of expression in response to 
NAFLD severity, indicating they had potential for characterizing NAFLD progression.

Research perspectives
Conducting studies with larger and more diverse populations would contribute to more conclusive findings regarding 
NAFLD–miRNA associations. Furthermore, experimental research is imperative to understand the underlying molecular 
mechanisms of NAFLD-miRNA associations.
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Abstract
BACKGROUND 
Extreme heat exposure is a growing health problem, and the effects of heat on the 
gastrointestinal (GI) tract is unknown. This study aimed to assess the incidence of 
GI symptoms associated with heatstroke and its impact on outcomes.

AIM 

https://www.f6publishing.com
https://dx.doi.org/10.3748/wjg.v30.i4.346
mailto:qinwu0221@gmail.com


Wang YC et al. Gastrointestinal manifestations of critical-ill heatstroke patients

WJG https://www.wjgnet.com 347 January 28, 2024 Volume 30 Issue 4

To assess the incidence of GI symptoms associated with heatstroke and its impact on outcomes.

METHODS 
Patients admitted to the intensive care unit (ICU) due to heatstroke were included from 83 centres. Patient history, 
laboratory results, and clinically relevant outcomes were recorded at ICU admission and daily until up to day 15, 
ICU discharge, or death. GI symptoms, including nausea/vomiting, diarrhoea, flatulence, and bloody stools, were 
recorded. The characteristics of patients with heatstroke concomitant with GI symptoms were described. 
Multivariable regression analyses were performed to determine significant predictors of GI symptoms.

RESULTS 
A total of 713 patients were included in the final analysis, of whom 132 (18.5%) patients had at least one GI 
symptom during their ICU stay, while 26 (3.6%) suffered from more than one symptom. Patients with GI 
symptoms had a significantly higher ICU stay compared with those without. The mortality of patients who had 
two or more GI symptoms simultaneously was significantly higher than that in those with one GI symptom. 
Multivariable logistic regression analysis revealed that older patients with a lower GCS score on admission were 
more likely to experience GI symptoms.

CONCLUSION 
The GI manifestations of heatstroke are common and appear to impact clinically relevant hospitalization outcomes.

Key Words: Extreme heat; Flatulence; Sunstroke; Intensive care units; Diarrhea

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This study aimed to assess the incidence of gastrointestinal (GI) symptoms associated with heatstroke and its 
impact on outcomes. This was a retrospective, multi-center, observational cohort study that involved patients admitted to 83 
intensive care unit located in 16 cities in the Sichuan Province, China between June 1 and October 31, 2022. Results showed 
older heatstroke patients with a lower Glasgow coma scale score on admission were more likely to experience GI symptoms, 
which had statistical difference. Clinicians should pay attention to the time at which heatstroke patients started manifesting 
GI symptoms, as well as the duration of said symptoms, to ensure that patients are timely treated with the proper enteral 
therapy and have the best prognosis possible.

Citation: Wang YC, Jin XY, Lei Z, Liu XJ, Liu Y, Zhang BG, Gong J, Wang LT, Shi LY, Wan DY, Fu X, Wang LP, Ma AJ, Cheng 
YS, Yang J, He M, Jin XD, Kang Y, Wang B, Zhang ZW, Wu Q. Gastrointestinal manifestations of critical ill heatstroke patients and 
their associations with outcomes: A multicentre, retrospective, observational study. World J Gastroenterol 2024; 30(4): 346-366
URL: https://www.wjgnet.com/1007-9327/full/v30/i4/346.htm
DOI: https://dx.doi.org/10.3748/wjg.v30.i4.346

INTRODUCTION
Owing to the effects of climate change, extreme heat is rapidly becoming a global public health concern. Direct exposure 
to extreme heat can cause dysregulation of body temperature, leading to heatstroke[1]. Over the past two decades, there 
has been a 50% increase in heat-related mortality among adults aged 65 and older. As an acute life-threatening condition 
manifesting an uncontrolled rise in core body temperature, heatstroke presents clinically as a systemic disorder and 
comprises the following symptoms: Encephalopathy, hypotension, respiratory failure, liver, muscle, coagulopathy and 
kidney damage[2]. In recent years, some studies have indicated that sustained high body temperature can cause 
structural and functional damage to the gastrointestinal (GI) tract, resulting in vomiting, diarrhoea, or intolerance to 
enteral nutrition (EN), which can exacerbate patients' condition[3,4]. Nevertheless, the impact of heatstroke on the GI 
tract remains to be elucidated.

Located in southwestern part of China, the Sichuan Province is the second largest Chinese province, with a permanent 
population of more than 80 million. According to the records of the Sichuan meteorological administration, as of May 
2022, summer temperatures have reached a historical high since 1961, with two consecutive strong high-temperature 
periods. One of the most notable consequences of this phenomenon is the significant increase in the number of cases of 
heatstroke. Accordingly, we conducted a retrospective, multi-center study to examine the demographic characteristics of 
heatstroke patients admitted to the intensive care unit (ICU) in 2022. Our study primarily aimed to determine the 
incidence of GI disturbances among patients experiencing heatstroke from various medical centres in the Sichuan 
Province, with a secondary objective of identifying the risk factors for GI symptoms after heatstroke.

https://www.wjgnet.com/1007-9327/full/v30/i4/346.htm
https://dx.doi.org/10.3748/wjg.v30.i4.346
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MATERIALS AND METHODS
This was a retrospective, multi-center, observational cohort study that involved patients admitted to 83 ICUs located in 16 
cities in the Sichuan Province, China between June 1 and October 31, 2022. Ethical approval for this study was obtained 
from the Biomedical Ethics Review Committee of the West China Hospital of Sichuan University (approval No. SCU-
2022-1542), in accordance with the principles outlined in the Declaration of Helsinki. Given the retrospective nature of 
this study, the requirement for informed consent was waived.

Patients and examination
Inclusion criteria comprised: (1) an age > 18 years; and (2) hospitalization in any type of ICU due to heatstroke or 
heatstroke-related complications. Patients with heatstroke were diagnosed by front-line medical staff in each center, and 
the diagnosis was made according to the corresponding clinical manifestations, as well as clinical history[5]. The 
exclusion criteria included an age < 18; burns; death within 24 h following ICU admission; palliative care; and 
simultaneous participation in any other nutrition-related interventional studies. Patients whose data is unsuitable for the 
analysis performed in this study were also excluded. Demographic characteristics were recorded at ICU admission, and 
clinical variables were recorded daily until up to day 15 of ICU stay or ICU discharge or death. Patients included in the 
study were managed by physicians in their respective ICUs. The treatment plan for each patient was determined by the 
attending physician based on the patient's individual condition.

Data collection and definitions
An electronic data capture system (Sichuan Zhikang Technology Co., Ltd, China) was implemented to gather information 
on heatstroke patients. Data collectors, who were primarily front-line physicians in each centre’s ICU, recorded 
information on each patient. The data collected was determined after extensive discussion based on expert opinions and 
in combination with literature review. The trial filling of data was conducted twice through two extensive online 
meetings with experts from each center to finalize all forms. A training in which the use of the electronic data capture 
system and heatstroke-related knowledge are explained was conducted in each center before initiating data collection. An 
online meeting would be hosted every week to check the quality of the data collected during said week. The data 
underwent a two-step verification process to ensure its completeness and accuracy, and unqualified data was to be 
collected again. Four researchers (Yu-Cong Wang, Lie-Tao Wang, Lv-Yuan Shi, and Ding-Yuan Wan) reviewed all data 
independently for completeness and accuracy, and the data management team (Min He, Jing Yang and Qin Wu) 
conducted a thorough cleaning of the data, identifying any missing information.

Data comprising baseline information, laboratory test results, treatment plan, GI symptoms, nutrition support, and 
patient outcome were collected in the electronic data capture system. As demographic information, age, sex, body mass 
index (BMI), and concomitant diseases were collected. Patients’ body temperature at hospital admission, including 
duration of exposure to heat, first symptoms according to chief complain, nutrition risk screening 2002 (NRS-2002), and 
Glasgow coma scale (GCS) score were also recorded. Moreover, the average, maximum, and minimum temperature data 
for the months of May, June, and July in 2022, which was publicly available on the website of the Sichuan meteorological 
administration, was also collected. The definition of fever in this study was set as a body temperature greater than 37.3 °C 
as determined through anal temperature measurement. High environment temperature was defined as when the 
maximum environment temperature reaches or exceeds 35 °C. If the high temperature lasts for more than 3 d, it was 
defined as a high temperature heat wave. Treatment received during the observation period, including organ support 
technical, antibiotics, and steroids, were recorded.

GI symptoms were defined as the presence of nausea/vomiting, diarrhoea, flatulence, or bloody stools that do not 
resolve with medical therapy[6-8]. Specifically, nausea/vomiting in non-intubated patients was defined as the self-
reporting of epigastric discomfort followed by vomiting, self-reporting of nausea alone without vomiting, or vomiting 
alone without nausea. As for intubated patients, nausea/vomiting was defined as the presence of reflux or aspiration for 
abnormal causes. Diarrhoea was defined as frequent exclusion of loose thin faeces or even watery stools for more than 3 
times daily of more than 200 mL each time. Flatulence was defined as awake patients feeling fullness in part or all of the 
abdomen or partial or total abdominal distention as determined by physical examination in non-awake patients. Bloody 
stool was defined as having a positive faecal occult blood test more than twice or dark red or black stool. Information on 
GI symptoms comes from the hourly nursing observation records or daily disease course records.

For patients’ outcome, we collected complications during the observational period, mortality at 15 d, and length of stay 
in the ICU. The complications in this study included disturbance of water and electrolyte, rhabdomyolysis, myocardial 
damage, acute kidney injury, acute liver function impairment, and central nervous system impairment. More specifically, 
disturbance of water and electrolyte was defined as dehydration, oedema, hyperkalaemia, hypokalemia, hypercalcemia, 
hypocalcaemia, hypermagnesemia or hypomagnesemia, as determined by clinicians. Rhabdomyolysis was defined as 
muscle pain, tenderness, swelling, weakness, and other muscle involvement and serum creatine kinase levels being 
significantly elevated more than 5 times the upper limit of normal. Myocardial damage was defined as elevated 
myocardial enzymes with a normal electrocardiogram. Acute kidney injury was defined according to the kidney disease: 
Improving Global Outcomes criteria after high temperature exposure. Acute liver function impairment was defined as 
elevated serum aminotransferase and bilirubin levels above the normal limit after exposure to high temperature with the 
absence of chronic liver disease, liver failure, coagulation dysfunction, and hepatic encephalopathy. Central nervous 
system impairment was defined as the occurrence of seizures, motor dysfunction, or sensory dysfunction, including limb 
hemiplegia, immobility, numbness of the hemi limb, or spontaneous pain in a patient with no history of central nervous 
system disease.
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Figure 1 Flow chart of the study. Patients were grouped according to whether gastrointestinal (GI) symptoms occurred on intensive care unit (ICU) admission, 
then whether GI symptoms occurred during ICU hospitalization and the onset of patients’ GI symptoms. ICU: Intensive care unit; GI: Gastrointestinal; w: With; o: 
Without.

The primary outcome of the study was the incidence of post-heatstroke GI symptoms, as determined through data 
collection by trained data collectors. Secondary outcomes included the identification of risk factors for GI dysfunction 
following heatstroke.

Statistical analysis
Statistical analysis was performed using descriptive statistics. Continuous variables were reported as median and quartile 
ranges or simple ranges, while categorical variables were summarized as counts and percentages. Items missing more 
than 10% of their data will be excluded from the analysis, and no imputation was made for missing data. All data were 
analysed using SPSS Statistics version 25 software (IBM Corp., Armonk, NY, United States). Descriptive statistical 
analyses reflected the distribution of characteristics of the sample population across case and control groups in the form 
of counts and proportions. T tests and χ2 tests were applied to test the association between case and control group 
variables. The incidence of confirmed cases was visually represented using a map created with Dychart.com (Wuhan 
Dysprosium Metadata Technology Co., Ltd, Wuhan, Hubei, China). We developed a logistic regression model to assess 
the association between the rates of GI dysfunction after heatstroke and several high-risk indicators, including age, initial 
temperature, initial symptoms, and comorbidities using Graphpad Prism 9 XML project (Graphpad Software Inc., San 
Diego, CA, United States).

RESULTS
Study population
Between June 1, 2022 and October 31, 2022, a total of 873 patients admitted from 83 ICUs across 16 cities due to heatstroke 
were collected. Of these patients, 160 were excluded as follows: 11 patients were excluded as they were under 18 of age; 2 
for heatstroke caused by burn; 16 for mortality within 24 h after ICU admission; 11 for palliative care after ICU admission; 
and 120 for incomplete data (Figure 1). A total of 713 patients were enrolled in the final analysis. The number of patients 
enrolled each day during the trial period and daily change in average and maximum temperature in the Sichuan Province 
are displayed in Supplementary Figure 1. The number of centres from different cities participating in the trial and corres-
ponding total number of patients enrolled are shown in Supplementary Figure 2.

Of the 713 analysed patients, 46.6% were female, and the median age was 72 years [interquartile range (IQR): 64–80; 
Table 1]. The median body temperature of patients at hospital admission was 40.7 (IQR: 40.0 to 41.3). Around 50% of 
patients (343/713, 48.10%) were admitted with altered mental states or behaviours. Part of the cohort had at least one 
underlying illness, such as hypertension (187/713, 26.20%) or diabetes (87/713, 12.20%). Upon admission, the median 
level of C-reactive protein was elevated (5.0 mg/L, IQR: 1.0–11.8). The same was true for the median levels of procal-
citonin (2.7 mg/mL, IQR: 0.5–13.1), and median D-dimer (4.6 mg/L, IQR: 1.8–12.9). A total of 439 patients (61.7%) 
underwent endotracheal intubation upon ICU admission. At day 15, 349 patients (48.9%) were discharged from the 
hospital, while 144 (20.2%) died, 187 (26.2%) were still hospitalized, and 33 (4.6%) transferred to another hospital. During 

https://f6publishing.blob.core.windows.net/e0d7644e-4eff-477a-b2c1-130e5b541441/WJG-30-346-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/e0d7644e-4eff-477a-b2c1-130e5b541441/WJG-30-346-supplementary-material.pdf


Wang YC et al. Gastrointestinal manifestations of critical-ill heatstroke patients

WJG https://www.wjgnet.com 350 January 28, 2024 Volume 30 Issue 4

Table 1 Clinical characteristics, laboratory findings at admission, gastrointestinal symptoms findings, complications, treatments, and 
clinical outcomes of the study patients, according to developed gastrointestinal symptoms or not1

GI Symptoms whether2

All Patients, (n = 713)
Yes (n = 132) No (n = 581)

P value

Characteristic

        Age, median (IQR), yr 72.0 (64.0-80.0) 70.0 (59.0-76.0) 73.0 (64.0-81.0) 0.076

Distribution, n (%)

        0-39 yr 13 (1.8) 1 (0.01) 12 (2.1) —

        40-59 yr 132 (18.5) 32 (24.2) 100 (17.2) —

        60-79 yr 371 (52.0) 73 (55.3) 298 (51.2) —

        ≥ 80 yr 197 (27.6) 26 (19.6) 171 (29.4) —

        Female sex 332 (46.6) 60 (45.4) 272 (46.8) 0.561

        BMI, median (IQR), kg/m2 22.1 (20.3-24.2) 22.5 (20.0-24.6) 22.0 (20.3-24.1) 0.875

        GCS score at ICU admission, median (IQR) 6.0 (4.0-9.0) 5.0 (3.0-7.0) 6.0 (4.0-9.0) 0.018

        NRS-2002 score at ICU admission, median 
(IQR)

4.0 (3.0-5.0) 3.0 (3.0-5.0) 4.0 (3.0-5.0) 0.014

Body temperature on admission

        Patients, n (%) 710 (99.1) 132 (100.0) 578 (98.8) 0.374

        Temperature, median (IQR), °C 40.7 (40.0-41.3) 41.0 (40.1-42.0) 40.5 (40.0-41.2) < 0.001

        Heat exposure duration, median (IQR), h 4.0 (2.0-6.0) 4.0 (2.0-6.0) 4.0 (2.0-6.3) 0.206

Distribution of body temperature on admission, n (%)

        < 37.3 °C 6 (1.0) 0 (0.0) 6 (0.1) —

        37.3–38.0 °C 13 (2.1) 1 (0.8) 12 (2.3) —

        38.1–39.0 °C 59 (9.3) 8 (6.7) 51 (9.9) —

        39.1–40.0 °C 175 (27.7) 33 (27.7) 142 (27.7) —

        > 40.0 °C 379 (60.0) 77 (64.7) 302 (58.9) —

Number of complaints and symptoms on admission, n (%)

        < 2 169/672 (25.1) 27/126 (21.4) 142/546 (26.3) 0.053

        2-3 348/672 (51.8) 47/126 (37.3) 301/546 (55.1) 0.094

        > 3 155/672 (23.1) 52/126 (41.3) 103/546 (18.9) < 0.001

Complaints and symptoms on admission, n (%)

        Fever 476 (66.8) 93 (70.5) 383 (65.9 0.272

        Altered mental state or behavior 343 (48.1) 55 (41.7) 288 (49.6 0.177

        Dry skin or excessive sweating 65 (9.1) 20 (15.1) 45 (7.7) < 0.001

        Rubefaction 32 (4.5) 11 (8.3) 21 (3.6) 0.035

        Fast pulse 142 (19.9) 40 (30.3) 102 (17.5 < 0.001

        Polypnea 175 (24.5) 38 (38.7) 137 (23.6) 0.019

        Headache 15 (2.1) 3 (2.3) 12 (2.1) 0.438

        Syncope 309 (43.3) 85 (64.4) 224 (38.6) < 0.001

        Other 102 (14.3) 27 (20.5) 75 (12.9) 0.013

Coexisting disorder, n (%)

        Diabetes 87 (12.2) 10 (7.6) 77 (13.3) 0.225

        Hypertension 187 (26.2) 36 (27.3) 151 (26.0) 0.985
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        Chronic obstructive pulmonary disease 124 (17.4) 21 (15.9) 103 (17.7) 0.697

        Chronic cardiac insufficiency 79 (11.1) 16 (12.1) 63 (10.8) 0.541

        Hepatitis B infection 14 (2.0) 1 (0.8) 13 (2.2) 0.488

        Cancer3 5 (0.7) 3 (2.3) 2 (0.3) 0.033

        Chronic renal disease 17 (2.4) 2 (1.5) 15 (2.6) 0.149

        Immunodeficiency 9 (1.3) 3 (2.3) 6 (1.0) 0.965

Laboratory findings, median (IQR)

        PaO2/FiO2 ratio 239.0 (174.0-323.0) 238.0 (185.5-300.5) 248.0 (190.0-336.0) 0.064

        White-cell count, 109/L 11.7 (8.2-15.5 10.0 (6.6-14.4), 11.7 (8.4-15.5) 0.032

        Lymphocyte count, 109/L 1.3 (0.7-2.4) 0.9 (0.5-2.3) 1.0 (0.6-2.1) 0.746

        Platelet count, 109/L 108.0 (73.0-162.0) 84.0 (45.0-115.0) 110.0 (75.0-165.5) 0.147

        Hemoglobin, g/L 123 (109-138) 115 (102-127) 124 (109-138) 0.014

        Albumin, g/L 37.0 (33.2-40.2) 33.4 (29.1-43.8) 37.0 (33.3-40.3) 0.014

Other findings, median (IQR)

        C-reactive protein, mg/L 5.0 (1.0-11.8) 11.9 (5.1-32.1) 5.0 (1.0-12.0) 0.005

        Procalcitonin, ng/mL 2.7 (0.5-13.1) 3.2 (0.4-8.9) 2.8 (0.5-12.6) 0.593

        Lactate dehydrogenase, U/L 367.9 (284.8-547.5) 327.0 (273.0-507.4) 362.5 (281.8-524.0) 0.667

        Aspartate aminotransferase, U/L 79.0 (40.9-191.0) 115.9 (51.3-269.8) 74.0 (39.3-168.8) 0.128

        Alanine aminotransferase, U/L 38.0 (21.0-85.0) 48.0 (28.1-104.1) 36.0 (20.0-77.3) 0.479

        Total bilirubin, μmol/L 17.9 (12.5-25.7) 18.2 (11.8-258.9), 17.9 (12.5-25.9) 0.186

        CK-Mb, U/L 10.0 (2.8-32.0) 13.6 (4.2-74.6) 9.9 (2.7-31.7) 0.539

        Creatinine, μmol/L 125.0 (89.8-169.2) 122.0 (84.0-162. 123.0 (88.4-169.2) 0.944

        D-dimer, mg/L 4.6 (1.8-12.9) 4.1 (2.1-8.6) 4.7 (1.7-12.8) 0.561

Minerals, median (IQR), mmol/L

        Sodium 133.3 (129.0-139.0) 136.0 (132.0-140.0) 133.6 (129.0-139.0) 0.158

        Potassium 3.2 (2.9-3.8) 3.6 (3.0-3.9) 3.2 (2.9-3.8) 0.043

        Lactate 3.5 (2.1-5.1) 3.1 (1.6-4.1) 3.4 (2.0-5.1) 0.036

GI symptoms findings, n (%)

        Duration of GI symptoms, median (IQR), d — 4.0 (2.0-7.0) — —

        Diarrhea — 99 (75.0) — —

        Flatulence — 36 (27.3) — —

        Nausea/vomiting — 21 (15.9) — —

        Bloody stools — 8 (6.1) — —

Complications, n (%)

        Number of complications

            < 2 263 (36.9) 28 (21.1) 235 (38.8) 0.002

            2-3 133 (18.7) 12 (9.2) 121 (19.8) 0.025

            > 3 317 (44.5) 92 (69.7) 225 (41.4) < 0.001

        Disturbance of water and electrolyte 412 (57.8) 95 (72.0) 317 (54.6) 0.013

        Rhabdomyolysis 102 (14.3) 34 (25.8) 68 (11.7) 0.004

        Myocardial damage 281 (39.4) 70 (53.0) 211 (36.3) < 0.001

        Disseminated intravascular coagulation 221 (31.0) 62 (46.9) 159 (27.4) 0.006

        Acute respiratory distress syndrome 256 (35.9) 66 (50.0) 190 (32.7) 0.001
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        Acute kidney injury 299 (41.9) 83 (62.9) 216 (37.2) 0.003

        Acute liver function impairment 305 (42.8) 81 (61.4) 224 (38.6) < 0.001

        Central nervous system damage 256 (35.9) 74 (56.1) 182 (31.9) 0.003

Treatments, n (%)

        Mechanical ventilation

            Invasive 439 (61.7) 108 (82.6) 331 (57.1) < 0.001

            Noninvasive 10 (1.4) 0 (0.0) 10 (1.6) 0.271

        Use of continuous renal-replacement 
therapy

24 (3.4) 7 (9.2) 17 (2.7) 0.003

        Length of ICU stay, median (IQR), d 2.0 (1.0-4.0) 4.0 (2.0-7.0) 2.0 (1.0-3.0) 0.001

Clinical outcomes at data cutoff, n (%)

        Hospital discharge 349 (48.9) 64 (48.5) 285 (49.1) 0.906

        Death 144 (20.2) 26 (19.7) 118 (20.3) 0.874

        Still hospitalization 187 (26.2) 33 (25.0) 154 (26.5) 0.723

        Transferred to another hospital 33 (4.6) 9 (6.8) 24 (4.1) < 0.001

1The denominators of patients who were included in the analysis are provided if they differed from the overall numbers in the group. Percentages may not 
total 100 because of rounding.
2Nausea/vomiting, diarrhea, flatulence, or bloody stools are defined as gastrointestinal symptoms.
3Included in this category is any type of cancer.
IQR: Interquartile range; GCS: Glasgow coma scale; NRS: Nutrition risk screening; GI: Gastrointestinal; BMI: Body mass index; ICU: Intensive care unit; 
CK-Mb: Creatine kinase.

hospitalization, acute liver dysfunction was observed in 42.8% (305/713) patients, 41.9% (299/713) experienced acute 
kidney injury, 39.4% (281/713) experienced myocardial damage, and 35.9% (256/713) experienced central nervous system 
damage.

Patient characteristics and outcomes according to whether gastrointestinal symptoms are present
Our study results showed that 18.5% (132/713) of heatstroke patients experienced at least one episode of GI symptoms 
during ICU stay. Of these patients, 8 (6.1%) experienced bloody stools, 21 (15.9%) experienced nausea/vomiting, 36 
(27.3%) experienced flatulence, and 99 (75.0%) experienced diarrhoea (Table 1 and Figure 2). Patients with heatstroke 
were subsequently categorized into two groups: Those who experienced GI symptoms (n = 132) and those who did not (n 
= 581) during their ICU stay. There was no difference in the median age of patients between both groups (Table 1). 
Patients with GI symptoms had significantly lower GCS scores (5.0 vs 6.0, aP = 0.018) and lower NRS-2002 scores (3.0 vs 
4.0, bP = 0.014) on admission. There was also no significant difference in the presence of comorbidities upon admission 
between the groups during the study period, except for a prior history of cancer (2.5% vs 0.5%, cP = 0.033; Table 1). 
Laboratory results on admission revealed that patients with GI symptoms had significantly lower levels of albumin (33.4 
vs 37.0, dP = 0.014) and hemoglobin (115.0 vs 124.0, eP = 0.014) and a higher level of blood lactate (3.1 vs 3.4, eP = 0.036) and 
C-reactive protein (11.9 vs 5.0, fP = 0.043). It was observed that patients presenting with GI symptoms had an increased 
likelihood of developing multiple complications, including acute kidney injury (62.9%, gP = 0.003), acute liver function 
impairment (61.4%, hP < 0.001), and central nervous system damage (56.1%, iP = 0.003). However, the presence of GI 
symptoms did not have a significant impact on patient mortality. Multivariate logistic regression showed that heatstroke 
patients who were older than the average year of the cohort were more likely to develop GI symptoms (jP = 0.001; 
Figure 3A). Moreover, patients with a lower GCS score were prone to have GI symptoms (kP = 0.006; Figure 3A). This 
positive correlation of GCS score with GI symptoms persisted when we adjusted for complications (Figure 3B) and 
laboratory results (Figure 3C).

Relationship between GI symptoms and enteral nutrition therapy
Considering that the predominant GI symptom is diarrhoea, a total of 439 heatstroke patients with endotracheal 
intubation shortly after ICU admission were analysed to explore the relationship between GI symptoms and EN therapy. 
We found that the presence of GI symptoms was not associated with EN therapy (Table 2). There was no statistical 
difference in the proportion of EN support, amount of calories and proteins, and total volume received on admission 
between the patients who underwent EN therapy. Of note, EN therapy was initiated in only a small proportion (139/439, 
31.7%) of intubated patients within 48 h after ICU admission, as shown in Table 3. Patients who did not start EN within 
48 h of ICU admission had a significantly lower GCS score (5.0 vs 4.0, lP = 0.002), experienced more GI symptoms after 
ICU admission (22.3% vs 12.9%, mP = 0.021), and had a longer ICU stay (3.0 vs 2.0, nP < 0.001). Logistic regression analysis 
showed that GI symptoms were an independent risk factor for not initiating early EN (oP = 0.037; Supple-
mentary Figure 3). During the observational period, 266 (60.6%) patients with endotracheal intubation at admission failed 

https://f6publishing.blob.core.windows.net/e0d7644e-4eff-477a-b2c1-130e5b541441/WJG-30-346-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/e0d7644e-4eff-477a-b2c1-130e5b541441/WJG-30-346-supplementary-material.pdf
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Table 2 Clinical characteristics of the heatstroke patients with endotracheal intubation, according to developed gastrointestinal 
symptoms or not1

GI symptoms whether2

All intubated patients (n = 439)
Yes (n = 108) No (n = 331)

P value

Characteristic

        Age, median (IQR), yr 71.0 (63.0-80.0) 72.0 (64.0-80.0) 69.5 (59.8-78.0) 0.202

        Female sex, n (%) 197 (44.9) 49 (45.4) 148 (44.7) 0.905

        GCS score at ICU admission, median (IQR) 4.0 (3.0-5.0) 4.0 (3.0-5.0) 4.0 (4.0-5.0) 0.204

        NRS score at ICU admission, median (IQR) 4.0 (3.0-5.0) 3.0 (3.0-5.0) 4.0 (3.0-5.0) 0.057

Body temperature on admission

        Patients, n (%) 439 (100.0) 108 (100.0) 331 (100.0) 0.348

        Temperature, median (IQR), °C 41.0 (40.0-41.8) 41.0 (40.0-42.0) 41.0 (40.0-41.6) 0.497

Complaints and symptoms on admission, n (%)

        Fever 296 (67.4) 76 (70.4) 220 (66.5) 0.452

        Altered mental state or behavior 205 (46.7) 41 (38.0) 164 (49.5) 0.036

        Dry skin or excessive sweating 45 (10.3 20 (18.5) 25 (7.6) 0.001

        Rubefaction 17 (3.9) 9 (8.3) 8 (2.4) 0.006

        Fast pulse 99 (22.6) 34 (31.5) 65 (19.6) 0.105

        Polypnea 122 (27.8) 31 (28.7) 91 (27.5) 0.807

        Headache 7 (1.6) 2 (18.5) 5 (1.5) 0.805

        Syncope 207 (47.2) 70 (64.8) 137 (41.4) < 0.001

        Other 61 (13.9) 71 (65.7) 40 (12.1) < 0.001

Laboratory findings, median (IQR)

        PaO2/FiO2 ratio 225.0 (135.5-306.5) 221.0 (148.7-308.0) 226.0 (155.0-305.5) 0.999

        White-cell count, 109/L 11.7 (8.1-15.6) 11.8 (8.0-15.8) 11.7 (8.1-15.6) 0.405

        Lymphocyte count, 109/L 1.7 (0.8-2.8) 1.6 (0.8-2.8) 1.8 (0.8-28) 0.279

        Platelet count, 109/L 92.0 (56.0-138.0) 83.5 (55.5-114.5) 97.0 (59.0-141.0) 0.143

        Hemoglobin, g/L 124.0 (109.0-139.0) 121.0 (108.3-135.8) 125.0 (110.0-139.0) 0.053

        Albumin, g/L 35.3 (32.5-38.9) 34.5 (31.8-38.0) 35.3 (32.5-38.9) 0.028

EN support

        Early (< 48 h) EN, n (%) 68 (15.5) 13 (12.0) 55 (16.6) 0.253

        Average EN calorie, median (IQR), kcal/d 1000.0 (750.0-1500.0) 1000.0 (750.0-1500.0) 1000.0 (750.0-1500.0) 0.559

        Average EN protein, median (IQR), g/d 28.0 (17.0-56.0) 30.0 (17.0-56.0) 28.0 (20.0-56.0) 0.867

        Average EN volume, median (IQR), mL/d 600.0 (150.0-1150.0) 625.0 (142.5-1200.0) 600.0 (150.0-1082.5) 0.31

Complications, n (%)

        Disturbance of water and electrolyte 271 (61.7) 89 (82.4) 187 (56.5) < 0.001

        Rhabdomyolysis 81 (18.5) 31 (28.7) 50 (15.1) 0.002

        Myocardial damage 216 (49.2) 63 (58.0) 153 (46.2) 0.029

        Disseminated intravascular coagulation 172 (39.2) 54 (50.0) 118 (35.6) 0.001

        Acute respiratory distress syndrome 226 (51.5) 62 (57.4) 164 (49.5) 0.156

        Acute kidney injury 233 (53.1) 77 (71.3) 156 (47.1) < 0.001

        Acute liver function impairment 332 (75.6) 73 (65.6) 159 (48.0) < 0.001

        Central nervous system damage 206 (46.9) 65 (60.2) 141 (42.6) 0.001
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Clinical outcomes at data cutoff, n (%)

        Hospital discharge 210 (47.8) 51 (47.2) 159 (48.0) 0.234

        Death 123 (28.0) 24 (22.2) 99 (29.9) 0.122

        Still hospitalization 78 (17.8) 24 (22.2) 54 (16.3) 0.163

        Transferred to another hospital 28 (6.4) 9 (8.3) 19 (5.7) 0.338

1The denominators of patients who were included in the analysis are provided if they differed from the overall numbers in the group. Percentages may not 
total 100 because of rounding.
2Nausea/vomiting, diarrhea, flatulence, or bloody stools are defined as gastrointestinal symptoms.
IQR: Interquartile range; GCS: Glasgow coma scale; NRS: Nutrition risk screening; GI: Gastrointestinal; EN: Enteral nutrition; ICU: Intensive care unit.

Figure 2 Number of patients with gastrointestinal symptoms and total number of heatstroke patients still in the intensive care unit per 
day.

to establish full EN (Table 4). Patients who do not receive full EN experienced more GI symptoms (22.6% vs 14.5%, pP = 
0.036). Moreover, the mortality of patients who did not receive full EN was significantly higher than those who did 
(35.3% vs 16.8%, qP < 0.001). Moreover, rhabdomyolysis (20.7% vs 11.6%, rP = 0.013) and acute kidney injury (57.9% vs 
45.7%, sP = 0.012) were more common, and ICU stay was longer in the former population (3.0 vs 2.0, tP < 0.001).

Subgroup analysis
Since the definition of GI manifestations was composite, we subsequently explore whether there was difference in the 
characteristics of patients with different symptoms. We selected patients with a single symptom and divided them into 3 
groups according to different GI manifestations (Table 5). There was a statistically significant difference in temperature 
on admission between patients with diarrhoea, flatulence, and nausea/vomiting (uP = 0.003). Notably, there were 
significant differences in complications between the three subgroups, except for complications of disturbance of water 
and electrolyte. Although mortality was not different between subgroups, the difference in the number of patients who 
were still hospitalized was statistically significant (vP = 0.025).

As we observed that the onset of GI symptoms was significantly different between patients, we further divided 
patients with GI symptoms into two categories: Those with GI symptoms on ICU admission and those with GI symptoms 
developed during ICU stay. The patient characteristics of both groups are shown in Table 6. The patients who had GI 
symptoms on admission were younger (vP = 0.050), had a higher BMI (22.7 vs 21.1, wP = 0.050), and had a lower nutrition 
risk screening (NRS-2002) score on admission (3.0 vs 4.0, xP = 0.009) than had those who developed symptoms later on. 
Patients who had less GI symptoms on admission had a lower number of comorbidities, including diabetes (1/68, 1.5% vs 
9/64, 14.1%, yP = 0.009), but more complications, including haemorrhage of the digestive tract (23/68, 33.8% vs 12/64, 
18.8%) and disseminated intravascular coagulation (38/68, 55.9% vs 24/64, 37.5%). Nevertheless, there is no difference in 
mortality and ICU length of stay.

We divided patients who developed GI symptoms during their ICU stay into the early-onset (< 3 d of ICU stay) and 
late-onset groups (≥ 3 d of ICU stay) groups. As shown in Table 7, there was a significant statistical difference in EN 
support between the two groups. Fewer patients received EN support in the early-onset than in the late-onset group (29/
41, 70.7 vs 22/23, 95.7%, zP < 0.001). The early-onset group received less EN calorie [752.0 kcal/d (IQR: 500.0–1007.5) vs 
1292.0 kcal/d (IQR: 750.0-1560.0)], protein [20.0 g/d (IQR: 17.6–32.5) vs 28.0 g/d (IQR: 15.0–57.0)], and EN volume [600.0 
mL/d (IQR: 147.5–1000.0) vs 900.0 mL/d (IQR: 461.2–1500.0)]. Moreover, patients in the early-onset group received EN 
support for a shorter time than did those in the late-onset group [3.0 d (IQR: 1.8–5.0) vs 7.0 d (IQR: 4.0–11.0)].

To further explore the relationship between the duration of GI symptoms and prognosis of heatstroke patients, we 
stratified patients into those who had GI symptoms for more than 4 d and those who did for had GI symptoms for less 
than 4 d, as shown in Table 8. Patients with GI symptoms for at least 4 d had lower albumin levels (37.0 g/L vs 34.4 g/L, 
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Table 3 Characteristics of the heatstroke patients with endotracheal intubation, according to received enteral nutrition within 48 h after 
intensive care unit admission or not1

EN therapy whether ≤ 48 h
All intubated patients (n = 439)

Yes (n = 139) No (n = 300)
P value

Characteristic

        Age, median (IQR), yr 71.0 (63.0-80.0) 72.0 (63.0-80.0) 71.0 (63.0-79.0) 0.801

        Female sex, n (%) 197 (44.9) 62 (46.8) 135 (43.6) 0.938

        GCS score at ICU admission, median (IQR) 4.0 (3.0-5.0) 5.0 (3.0-7.0) 4.0 (3.0-5 .0) 0.002

        NRS score at ICU admission, median (IQR) 4.0 (3.0-5.0) 5.0 (4.0-6.0) 4.0 (3.0-5.0) 0.017

Body temperature on admission

        Patients, n (%) 439 (100.0) 139 (100.0) 300 (100.0) —

        Temperature, median (IQR), °C 41.0 (40.0-41.8) 41.0 (40.0-41.5) 41.0 (40.0-42.0) 0.154

Laboratory findings, median (IQR)

        PaO2/FiO2 ratio 225.0 (135.5-306.5) 226.0 (164.0-287.0) 223.0 (128.0-316.0) 0.825

        White-cell count, 109/L 11.7 (8.1-15.6) 12.4 (8.6-16.8) 11.3 (8.0-15.0) 0.290

        Lymphocyte count, 109/L 1.7 (0.8-2.8) 1.5 (0.7-2.3) 1.9 (0.9-3.0) 0.105

        Platelet count, 109/L 92.0 (56.0-138.0) 101.0 (66.8-147.3) 88.0 (54.0-130.0) 0.039

        Hemoglobin, g/L 124.0 (109.0-139.0) 122.0 (109.0-136.0) 124.5 (109.0-140.0) 0.311

        Albumin, g/L 35.3 (32.5-38.9) 35.1 (32.0-38.5) 35.4 (32.5-39.0) 0.544

GI symptoms2, n (%)

        Total patients 85 (19.4) 18 (12.9) 67 (22.3) 0.021

        Diarrhea 60 (13.7) 13 (9.4) 47 (15.7) 0.073

        Flatulence 25 (5.7) 7 (5.0) 18 (6.0) 0.685

        Nausea/vomiting 14 (3.2) 7 (5.0) 7 (2.3) 0.134

        Bloody stools 8 (1.8) 0 (0.0) 8 (2.6) 0.052

Complications, n (%)

        Disturbance of water and electrolyte 271 (61.7) 79 (56.8) 192 (64.0) 0.151

        Rhabdomyolysis 81 (18.5) 20 (11.6) 61 (20.3) 0.135

        Myocardial damage 216 (49.2) 65 (46.8) 151 (50.3) 0.486

        Disseminated intravascular coagulation 172 (39.2) 50 (36.0) 122 (40.7) 0.349

        Acute respiratory distress syndrome 226 (51.5) 74 (53.2) 152 (50.7) 0.616

        Acute kidney injury 233 (53.1) 66 (47.5) 167 (55.7) 0.110

        Acute liver function impairment 332 (75.6) 74 (53.2) 258 (86.0) < 0.001

        Central nervous system damage 206 (46.9) 62 (44.6) 144 (48.0) 0.507

Treatments

        Use of continuous renal-replacement therapy, n 
(%)

34 (7.7) 10 (8.1) 20 (7.5) 0.826

        Length of ICU stay, median (IQR), d 2.0 (1.0-3.0) 2.0 (1.0-3.0) 3.0 (2.0-5.0) < 0.001

Clinical outcomes at data cutoff, n (%)

        Hospital discharge 210 (47.8) 68 (48.9) 142 (47.3) 0.757

        Death 123 (28.0) 24 (17.3) 99 (33.3) < 0.001

        Still hospitalization 78 (17.8) 36 (25.9) 42 (14.0) 0.002

        Transferred to another hospital 28 (6.4) 11 (7.9) 17 (5.7) 0.370



Wang YC et al. Gastrointestinal manifestations of critical-ill heatstroke patients

WJG https://www.wjgnet.com 356 January 28, 2024 Volume 30 Issue 4

1The denominators of patients who were included in the analysis are provided if they differed from the overall numbers in the group. Percentages may not 
total 100 because of rounding.
2Nausea/vomiting, diarrhea, flatulence, or bloody stools are defined as gastrointestinal symptoms.
IQR: Interquartile range; GCS: Glasgow coma scale; NRS: Nutrition risk screening; GI: Gastrointestinal; ICU: Intensive care unit.

P = 0.310) and more complications, including disseminated intravascular coagulation (27.8% vs 54.2%, P = 0.007) and 
acute respiratory distress syndrome (12.0% vs 54.2%, P < 0.001). They also showed higher recovery rates than did those 
who had symptoms for more than 4 d (56.3% vs 27.8%, P = 0.004).

DISCUSSION
In this retrospective, multi-center study, we reported the incidence of GI manifestations among critically ill adult patients 
with heatstroke admitted to ICUs in the Sichuan Province, China. Our data demonstrated that patients with GI symptoms 
had a significantly longer ICU stay compared with those without. As a manifestation of systemic organ damage in 
heatstroke, the appearance of GI symptoms affect patients’ EN therapy outcomes. Patients with older age and a lower 
GCS score on admission were more likely to experience GI symptoms. Our study provides valuable real-world evidence 
regarding the associations between heatstroke and GI symptoms with, to our knowledge, the highest number of patients 
from multiple centres to date.

Conventionally, critically ill patients with have GI dysfunction; however, there is little evidence supporting this 
phenomenon among heatstroke patients. Due to the lack of standardization of the diagnostic and therapeutic approaches, 
in this study, we evaluated the GI tract according to its symptoms and found that 18.5% of patients with heatstroke 
suffered from said symptoms during their stay. Compared with other non-heat stroke critically ill patients, the incidence 
of GI symptoms in our cohort is relatively low[9,10]. This is partly due to the fact that our study only used symptoms to 
evaluate GI function, though other high-incidence studies generally included physical examination, including that for 
bowel sounds, for comprehensive evaluation. When comparing the same symptoms, such as vomiting, between patients 
with heatstroke and those in the ICU, we observed that the incidence of GI symptoms in heatstroke patients is still lower 
than that of patients in the general ICU. One reason behind this is that heatstroke patients do not have GI structural 
damage from the perspective of pathogenesis, but patients in the general ICU comprise those who underwent abdominal 
surgery, that is, those who already have GI structural disorders. Another reason is that our study only assessed GI 
symptoms without other indicators such as physical examination, which may have led to the underestimation of the 
incidence of GI dysfunction. Nevertheless, our research suggests that GI injury is an important high-incidence mani-
festation of organ failure among heatstroke patients.

Our study found that heatstroke patients with older age and lower GCS score were more likely to experience GI 
symptoms. Multiple clinical studies had described risk factors for GI dysfunction in critically ill patients, including older 
age, larger BMI, lower Acute Physiology and Chronic Health Evaluation II and Sequential Organ Failure Assessment 
scores, surgical laparotomy, and use of mechanical ventilation, analgesic sedation, and vasopressors[9-11]. Similar to 
other studies, our study also observed that older patients were more likely to experience GI symptoms after heatstroke. 
Of note, our study found that the degree of nervous system damage, as quantified by the GCS score, is also related to the 
occurrence of GI dysfunction. This may be because heat damages the enteric nervous system, as well as the central 
nervous system. Moreover, patients with lower GCS scores were more likely to receive mechanical ventilation and 
vasopressors, posing an impact on the intestinal blood supply and, consequently, possibly leading to GI failure. The 
causes of GI dysfunction caused by heatstroke warrant further research.

We also observed that the presence of GI symptoms may affect EN support therapy. In our study, we found heatstroke 
patients who did not receive EN therapy within 48 h after ICU admission experienced more GI symptoms with more 
complications, longer ICU stay, and higher ICU mortality. The emergence of GI symptoms is the reason why EN cannot 
be started. Simultaneously, the failure to start EN support is also a reason for the deterioration of GI function. We also 
observed that a considerable proportion of patients with heat stroke still cannot implement total EN within 2 wk, 
suggesting that, for patients with heatstroke, further research to develop individualized nutrition support strategies is 
warranted.

We also performed various subgroup analyses to discuss different GI symptoms and whether their timing and 
duration had an impact on patient prognosis. First, we found that patients with different GI symptoms have different 
clinical features. Different symptoms may indicate that the severity of heatstroke in these patients varies, and whether 
this reflects their prognosis to some extent requires further study. The onset of GI symptoms in patients also differed. 
Overall, the earlier the GI symptoms appeared, the severer the patient's condition was. At the same time, due to GI 
symptoms, such patients could not tolerate EN or could not meet EN standards, further impairing their GI function and 
forming a vicious circle. Better approaches for EN support in these patients are warranted. Finally, we discussed the 
duration of the patient's GI symptoms. This was the same as we previously realized: The longer the duration of GI 
symptoms, the worse their prognosis. These patients were unable to start EN therapy early on. In contrast, they were 
more likely to have GI microcirculation disorders and damage to the intestinal barrier.

Currently, the cause of GI dysfunction caused by heatstroke is not particularly clear. Several reports have documented 
increased intestinal permeability during exercise with and without heat stress[4,12,13]. A murine model of classic 
heatstroke that induced a body core temperature as high as 42.7 °C showed considerable gut histological injury[14,15]. 
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Figure 3 Multivariable-adjusted logistic regression of risk factors with gastrointestinal symptoms. A: It showed multivariable logistic regression 
between heatstroke patients’ gastrointestinal (GI) symptoms with age, sex, body mass index (BMI) Glasgow coma scale (GCS) score, nutrition risk screening 2002 
(NRS-2002) score, high temperature exposed duration and patients’ temperature; B: It is adjusted for coexisting disorder and index in Figure 3A; C: It is adjusted for 
laboratory results at intensive care unit admission and index in Figure 3A. Age is a categorical variable bounded by the median age of the patient, with less than the 
median age being compared. Sex is the categorical variable, with women being compared. BMI, GCS score, NRS-2002, exposed duration and temperature are 
continuous variables. Diabetes, hypertension, chronic obstructive disease, chronic cardiac insufficiency, abnormal white cell count, PaO2/FiO2 ratio and hemoglobin 
are categorical variable. BMI: Body mass index; GCS score: Glasgow coma scale score; NRS-2002 score: Nutrition risk screening-2002 score; OR: Odds ratio; PF 
ratio: PaO2/FiO2 ratio; HB: Hemoglobin.
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Studies have shown that one of the important mechanisms of heatstroke is the excessive opening of intestinal tight 
junctions, destruction of intestinal cell structure and function, increase in intestinal mucosal permeability, and 
introduction of endotoxin into the blood[16,17]. One of the most frequently mentioned mechanisms of how heatstroke 
causes GI symptoms is the leaky gut hypothesis. Our results also suggest that while heat can cause changes in the state of 
consciousness caused by central nervous system damage, it may also cause damage to the enteric nervous system, 
thereby causing GI dysfunction. Such inferences need further research to confirm in the future.

The retrospective design of this study offers several benefits, including a high quality of data and a large number of 
patients. Our study provides a real-world representation of the current clinical practices for heatstroke in a mixed 
population of critically ill adult patients treated in ICUs in Sichuan Province, China. The patient sample size provides a 
robust representation of the target population, increasing the generalizability of our findings. Overall, our study provides 
important insights into the prevalence of GI symptoms among critically ill heatstroke patients and its relationship with 
risk factors and clinical outcomes. The findings of this study have important implications for the management and care of 
critically ill patients with heatstroke. Previous literature has demonstrated the vulnerability of the digestive tract to 
abnormal conditions, including hypoxia and elevated temperatures[4,12,13,18,19]. Studies have also indicated that most 
patients experience some form of GI symptoms during intense physical activity and elevated body temperature[20]. Our 
study on GI symptoms following heatstroke incorporates risk factors and provides a comprehensive understanding of the 
subject, thereby supplementing previous research.

Nevertheless, this study had some limitations. First, the use of GI symptoms to respond to GI dysfunction is one-sided. 
Another limitation is the exclusion of the most critically ill patients who had already passed away and those admitted to 
general wards. While this selection criterion was a necessary aspect of the research program, it is possible that the 
inclusion of these patients would not have greatly impacted the overall prognosis, as previously discussed. Our study 
was an observation of symptoms and did not address possible effects of treatment on GI function. Additionally, there is a 
high rate of missed diagnoses due to a lack of awareness of heatstroke in remote mountainous areas and the inadequate 
identification of heatstroke in a timely manner.

CONCLUSION
The incidence of GI symptoms among heatstroke patients admitted to the ICU was reportedly 18.5% in our study. 
Patients who are older and with a lower GCS score on admission have an increased likelihood of developing GI 
symptoms. Heatstroke patients with GI symptoms found it more difficult to tolerate EN therapy than did those without. 
Patients with GI symptoms were found to have a higher incidence of complications. The earlier the GI symptoms 
appeared and the longer the duration of GI symptoms, the more difficult it was for patients to tolerate EN, and the worse 
the predicted prognosis.

Table 4 Characteristics of the heatstroke patients with endotracheal intubation, according to received full enteral nutrition after 
intensive care unit admission or not1

Full EN whether
All intubated patients (n = 439)

Yes (n = 173) No (n = 266)
P value

Characteristic

        Age, median (IQR), yr 71.0 (63.0-80.0) 72.0 (63.0-80.0) 71.0 (63.0-79.0) 0.801

        Female sex, n (%) 197 (44.9) 81 (46.8) 116 (43.6) 0.509

        GCS score at ICU admission, median (IQR) 4.0 (3.0-5.0) 6.0 (4.0-8.0) 5.0 (3.0-7.0) 0.002

        NRS score at ICU admission, median (IQR) 4.0 (3.0-5.0) 4.5 (4.0-5.0) 4.0 (3.0-5.0) 0.193

Body temperature on admission

        Patients, n (%) 439 (100.0) 173 (100.0) 266 (100.0) —

        Temperature, median (IQR), °C 41.0 (40.0-41.8) 41.0 (40.0-41.4) 41.0 (40.0-42.0) 0.128

Laboratory findings, median (IQR)

        PaO2/FiO2 ratio 225.0 (135.5-306.5) 246.0 (191.0-334.0) 222.0 (134.0-315.0) 0.226

        White-cell count, 109/L 11.7 (8.1-15.6) 12.6 (9.4-16.7) 11.4 (8.0-15.3) 0.287

        Lymphocyte count, 109/L 1.7 (0.8-2.8) 0.8 (0.5-1.6) 2.0 (0.9-3.0) 0.084

        Platelet count, 109/L 92.0 (56.0-138.0) 71.5 (37.0-113.8) 89.0 (54.0-132.5) 0.011

        Hemoglobin, g/L 124.0 (109.0-139.0) 119.0 (107.5-129.0) 125.0 (110.0-140.0) 0.002
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        Albumin, g/L 35.3 (32.5-38.9) 32.0 (29.0-35.2) 35.5 (32.5-39.2) < 0.001

GI symptoms2, n (%)

        Total patients 85 (19.4) 25 (14.5) 60 (22.6) 0.036

        Diarrhea 60 (13.7) 17 (9.8) 43 (16.2) 0.059

        Flatulence 25 (5.7) 8 (4.6) 17 (6.4) 0.435

        Nausea/vomiting 14 (3.2) 7 (4.0) 7 (2.6) 0.409

        Bloody stools 8 (1.8) 0 (0.0) 8 (3.1) 0.021

Complications, n (%)

        Disturbance of water and electrolyte 271 (61.7) 105 (60.7) 166 (62.4) 0.718

        Rhabdomyolysis 81 (18.5) 20 (11.6) 55 (20.7) 0.013

        Myocardial damage 216 (49.2) 83 (48.0) 133 (50.0) 0.678

        Disseminated intravascular coagulation 172 (39.2) 60 (34.7) 112 (42.1) 0.119

        Acute respiratory distress syndrome 226 (51.5) 92 (53.2) 134 (50.4) 0.566

        Acute kidney injury 233 (53.1) 79 (45.7) 154 (57.9) 0.012

        Acute liver function impairment 332 (75.6) 94 (54.3) 138 (51.9) 0.615

        Central nervous system damage 206 (46.9) 80 (46.2) 126 (47.4) 0.817

Treatments

        Use of continuous renal-replacement therapy, n 
(%)

34 (7.7) 14 (8.1) 20 (7.5) 0.826

        Length of ICU stay, median (IQR), d 2.0 (1.0-3.0) 2.0 (1.0-2.0) 3.0 (1.0-4.0) < 0.001

Clinical outcomes at data cutoff, n (%)

        Hospital discharge 210 (47.8) 83 (48.0) 127 (47.7) 0.962

        Death 123 (28.0) 29 (16.8) 94 (35.3) < 0.001

        Still hospitalization 78 (17.8) 46 (26.6) 82 (20.8) 0.339

        Transferred to another hospital 28 (6.4) 15 (8.7) 13 (4.9) 0.113

1The denominators of patients who were included in the analysis are provided if they differed from the overall numbers in the group. Percentages may not 
total 100 because of rounding.
2Nausea/vomiting, diarrhea, flatulence, or bloody stools are defined as gastrointestinal symptoms.
IQR: Interquartile range; GCS: Glasgow coma scale; NRS: Nutrition risk screening; GI: Gastrointestinal; ICU: Intensive care unit.

Table 5 Clinical characteristics of the study patients, according to types of gastrointestinal symptoms1

GI Symptoms2

Diarrhea (n = 88) Flatulence (n = 27) Nausea/vomiting (n = 15)
P value

Characteristic

        Age, median (IQR), yr 65.0 (56.0-76.0) 69.0 (56.0-79.0) 68.0 (57.5-78.0) 0.565

        Female sex, n (%) 35.0 (39.8) 14.0 (51.8) 6 (40.0) 0.529

        GCS score at ICU admission, median (IQR) 5.0 (3.0-7.0) 6.0 (3.0-9.5) 4.0 (3.0-6.0) 0.540

        NRS score at ICU admission, median (IQR) 4.0 (3.0-5.0) 4.5 (4.0-5.0) 4.0 (3.0-5.0) 0.193

Body temperature admission

        Patients, n (%) 88.0 (100.0) 27.0 (100.0) 15.0 (100.0) —

        Temperature, median (IQR), °C 41.0 (40.0-42.0) 40.0 (39.8-41.0) 40.1 (39.8-41.0) 0.003

Complaints and symptoms, n (%)

        Fever 62.0 (70.5) 20.0 (74.0) 8.0 (53.3) 0.343
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        Altered mental state or behavior 35.0 (39.8) 13.0 (48.1) 4.0 (26.7) 0.395

        Dry skin or excessive sweating 19.0 (21.6) 2.0 (7.4) 2.0 (13.3) 0.215

        Rubefaction 7.0 (8.0) 2.0 (7.4) 1.0 (6.7) 0.983

        Fast pulse 32.0 (36.4) 6.0 (22.2) 4.0 (26.7) 0.344

        Polypnea 29.0 (33.0) 6.0 (22.2) 3.0 (20.0) 0.397

        Headache 1.0 (1.1) 3.0 (11.1) 0.0 (0.0) 0.024

        Syncope 63.0 (71.6) 13.0 (48.1) 8.0 (53.3) 0.052

        Other 22.0 (25.0) 4.0 (14.8) 2.0 (13.3) 0.378

Laboratory findings, median (IQR)

        White-cell count, 109/L 13.0 (8.2-16.3) 13.0 (8.2-16.3) 13.0 (8.2-16.3) 0.210

        Hemoglobin, g/L 122.0 (110.3-136.0) 125.0 (110.5-137.5) 120.0 (107.3-130.0) 0.589

        Albumin, g/L 35.8 (32.9-38.8) 35.3 (32.0-39.5) 36.7 (29.3-39.5) 0.969

Complications, n (%)

        Disturbance of water and electrolyte 63 (71.6) 20 (74.0) 11 (73.3) 0.085

        Rhabdomyolysis 24 (27.3) 6 (22.2) 4 (26.7) 0.003

        Myocardial damage 49 (55.7) 11.0 (40.7) 9 (60.0) 0.008

        Disseminated intravascular coagulation 40 (45.5) 9 (33.3) 6 (40.0) 0.010

        Acute respiratory distress syndrome 46 (52.3) 9 (33.3) 6 (40.0) 0.012

        Acute kidney injury 52 (59.1) 15 (55.6) 10 (66.7) 0.024

        Acute liver function impairment 52 (59.1) 15 (55.6) 10 (66.7) 0.024

        Central nervous system damage 48 (54.5) 15 (55.6) 9 (60.0) 0.019

Treatments

        Use of continuous renal-replacement therapy, n 
(%)

7 (8.0) 3 (11.1) 2 (13.3) < 0.001

        Length of ICU stay, median (IQR), d 1.0 (1.0-2.0) 1.0 (1.0-1.0) 2.0 (1.0-3.0) 0.015

Clinical outcomes at data cutoff, n (%)

        Hospital discharge 44.0 (50.0) 11.0 (40.7) 5.0 (33.3) 0.400

        Death 16.0 (18.2) 2.0 (7.4) 4.0 (26.7) 0.240

        Still hospitalization 19.0 (21.6) 13.0 (48.1) 5.0 (33.3) 0.025

        Transferred to another hospital 9.0 (10.2) 1.0 (3.7) 1.0 (6.7) 0.547

1The denominators of patients who were included in the analysis are provided if they differed from the overall numbers in the group. Percentages may not 
total 100 because of rounding.
2Nausea/vomiting, diarrhea, flatulence, or bloody stools are defined as gastrointestinal symptoms.
IQR: Interquartile range; GCS: Glasgow coma scale; NRS: Nutrition risk screening; GI: Gastrointestinal; ICU: Intensive care unit.

Table 6 Heat stroke patient characteristics according to the time of onset of gastrointestinal symptoms

GI symptoms1

On admission (n = 68) Developed in ICU stay (n = 64)
P value

Characteristic

        Age, median (IQR), yr 67.0 (57.0-76.0) 70.0 (64.0-80.0) 0.050

        Female sex, n (%) 28 (41.2) 32 (50.0) 0.310

        BMI, median (IQR), kg/m2 22.7 (20.2-24.8) 21.1 (20.0-23.3) 0.050

        GCS score at ICU admission, median (IQR) 5.0 (3.0-8.0) 5.0 (3.0-7.0) 0.814
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        NRS score at ICU admission, median (IQR) 3.0 (3.0-4.5) 4.0 (3.0-6.0) 0.009

Fever on admission

        Patients, n (%) 68 (100.0) 64 (100.0) —

        Temperature, median (IQR), °C 41.0 (40.0-42.0) 41.0 (40.0-41.3) 0.265

Complaints and symptoms on admission, n (%)

        Fever 54 (79.4) 39 (60.9) 0.020

        Altered mental state or behavior 25 (36.8) 30 (46.9) 0.239

        Dry skin or excessive sweating 13 (19.1) 7 (109) 0.190

        Rubefaction 5 (7.4) 6 (9.4) 0.674

        Fast pulse 27 (39.7) 13 (20.3) 0.015

        Polypnea 24 (35.3) 14 (21.9) 0.089

        Headache 1 (1.5) 2 (3.1) 0.524

        Syncope 49 (72.1) 36 (56.2) 0.058

        Other 20 (29.4) 7 (109) 0.009

Coexisting disorder, n (%)

        Diabetes 1 (1.5) 9 (14.1) 0.009

        Hypertension 15 (22.1) 21 (32.8) 0.166

        Chronic obstructive pulmonary disease 11 (16.2) 10 (15.6) 0.931

        Chronic cardiac insufficiency 5 (7.4) 11 (17.2) 0.084

        Hepatitis B infection 1 (1.5) 0 (0.0) 0.330

        Cancer 1 (1.5) 2 (3.1) 0.524

        Chronic renal disease 0 (0.0) 2 (3.1) 0.142

        Immunodeficiency 1 (1.5) 2 (3.1) 0.524

Laboratory findings

        PaO2/FiO2 ratio 240.0 (141.8-316.0) 217.0 (165.0-285.8) 0.775

        White-cell count, 109/L 12.1 (7.8-16.2) 11.8 (8.2-14.2) 0.667

        Lymphocyte count, 109/L 2.1 (1.0-3.3) 1.2 (0.6-2.0) 0.023

        Platelet count, 109/L 90.0 (60.5-120.3) 98.5 (67.8-150.5) 0.256

        Hemoglobin, g/L 126.0 (112.0-135.5) 118.5 (103.5-137.5) 0.106

        Albumin, g/L 36.5 (33.3-40.0) 35.0 (32.1-38.6) 0.093

Other findings, median (IQR)

        C-reactive protein, mg/L 5.0 (0.5-10.0) 5.0 (1.0-14.9) 0.605

        Procalcitonin, ng/mL 1.4 (0.4-8.2) 9.3 (2.2-29.3) 0.055

        Lactate dehydrogenase, U/L 465.0 (314.3-810.3) 382.5 (282.8-537.8) 0.263

        Aspartate aminotransferase, U/L 123.9 (58.3-272.3) 107.2 (44.0-268.3) 0.152

        Alanine aminotransferase, U/L 46.5 (26.2-112.4) 48.0 (27.1-89.5) 0.247

        Total bilirubin, μmol/L 18.5 (12.8-25.9) 15.6 (10.1-23.0) 0.211

        CK-Mb, U/L 10.1 (2.9-33.1) 8.7 (3.3-41.0) 0.214

        Creatinine, μmol/L 131.1 (105.3-182.8) 137.0 (97.5-171.0) 0.628

        D-dimer, mg/L 3.9 (2.5-11.5) 4.6 (1.9-12.7) 0.524

Minerals, median (IQR), mmol/L

        Sodium 132.0 (129.0-137.0) 133.9 (128.5-136.8) 0.959

        Potassium 3.3 (3.0-3.9) 3.5 (2.9-3.8) 0.849
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        Lactate 4.2 (3.1-5.5) 3.6 (2.4-5.3) 0.649

Complication, n (%)

        Disturbance of water and electrolyte 51 (75.0) 44 (68.8) 0.424

        Rhabdomyolysis 21 (30.9) 13 (20.3) 0.165

        Myocardial damage 40 (58.8) 30 (46.9) 0.122

        Disseminated intravascular coagulation 38 (55.9) 24 (37.5) 0.034

        Acute respiratory distress syndrome 39 (57.4) 27 (42.2) 0.082

        Acute kidney injury 45 (66.2) 38 (59.4) 0.419

        Acute liver function impairment 41 (60.3) 40 (62.5) 0.795

        Central nervous system damage 42 (61.8) 30 (46.9) 0.086

Clinical outcomes at data cutoff, n (%)

        Hospital discharge 35 (51.5) 29 (45.3) 0.479

        Death 17 (25.0) 9 (14.1) 0.114

        Still hospitalization 13 (19.1) 20 (31.3) 0.108

        Transferred to another hospital 3 (4.4) 6 (9.4) 0.258

1Nausea/vomiting, diarrhea, flatulence, or bloody stools are defined as gastrointestinal symptoms.
IQR: Interquartile range; CK-Mb: Creatine kinase; GI: Gastrointestinal; ICU: Intensive care unit; BMI: Body mass index.

Table 7 Heat stroke patient characteristics according to the time of onset of gastrointestinal symptoms1

Early onset, n = 41 Late onset, n = 23 P value

Characteristic2

        Age, median (IQR), yr 69.0 (62.3-79.0) 64.0 (56.0-76.0) 0.856

        Female sex, n (%) 23 (56.1) 8 (34.8) 0.102

Fever on admission

        Patients, n (%) 41 (100.0) 23 (100.0) —

        Temperature, median (IQR), °C 41.0 (40.0-42.0) 40.7 (39.6-41.3) 0.338

Body temperature on admission, n (%)

        Fever 23 (56.1) 15 (65.2) 0.475

        Altered mental state or behavior 19 (46.3) 11 (47.8) 0.909

        Dry skin or excessive sweating 4 (9.8) 3 (13.0) 0.686

        Rubefaction 4 (9.8) 2 (8.7) 0.889

        Fast pulse 11 (26.8) 2 (8.7) 0.084

        Polypnea 9 (22.0) 5 (21.7) 0.984

        Headache 2 (4.9) 0 (0.0) 0.282

        Syncope 21 (51.2) 13 (56.5) 0.683

        Other 3 (7.3) 4 (17.4) 0.215

EN support

        EN, n (%) 29 (70.7) 22 (95.7) < 0.001

        Average EN calorie, median (IQR), kcal/d 752.0 (500.0-1007.5) 1292.0 (750.0-1560.0) < 0.001

        Average EN protein, median (IQR), g/d 20.0 (17.6-32.5) 28.0 (15.0-57.0) 0.003

        Average EN volume, median (IQR), ml/d 600.0 (147.5-1000.0) 900.0 (461.2-1500.0) < 0.001

        Duration of EN, median (IQR), d 3.0 (1.8-5.0) 7.0 (4.0-11.0) 0.011
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Laboratory findings, median (IQR)

        White-cell count, 109/L 10.6 (7.8-13.5) 13.5 (8.6-15.8) 0.351

        Hemoglobin, g/L 117.0 (106.0-128.0) 128.5 (105.3-141.5) 0.187

        Albumin, g/L 35.4 (33.7-39.2) 34.4 (30.8-36.8) 0.239

Complications, n (%)

        Disturbance of water and electrolyte 26 (63.4) 17 (73.9) 0.391

        Rhabdomyolysis 6 (14.6) 6 (26.1) 0.261

        Hemorrhage of digestive tract 8 (19.5) 3 (13.1) 0.511

        Myocardial damage 17 (41.5) 12 (52.2) 0.409

        Disseminated intravascular coagulation 14 (34.1) 9 (39.1) 0.691

        Acute respiratory distress syndrome 17 (41.5) 6 (26.1) 0.855

Clinical outcomes at data cutoff, n (%)

        Hospital discharge 17 (41.5) 11 (47.8) 0.622

        Death 7 (17.1) 2 (8.7) 0.355

        Still hospitalization 12 (29.3) 8 (34.8) 0.648

        Transferred to another hospital 4 (9.8) 2 (8.7) 0.889

1Nausea/vomiting, diarrhea, flatulence, or bloody stools are defined as gastrointestinal symptoms.
2The denominators of patients who were included in the analysis are provided if they differed from the overall numbers in the group. Percentages may not 
total 100 because of rounding.
IQR: Interquartile range; EN: Enteral nutrition.

Table 8 Heat stroke patient characteristics according to duration of gastrointestinal symptoms1

Last < 4 d, n = 96 Last ≥ 4 d, n = 36 P value

Characteristic

        Age, median (IQR), yr 70.0 (61.5-78.3) 67.0 (59.0-76.0) 0.659

        Female sex, n (%) 43 (44.8) 17 (47.2) 0.803

        Body temperature on admission

        Patients, n (%) 96 (100.0) 36 (100.0) -

        Temperature, median (IQR), °C 41.0 (40.0-41.5) 41.0 (40.0-42.0) 0.948

Complaints and symptoms on admission, n (%)

        Fever 69 (71.9) 24 (66.7) 0.559

        Altered mental state or behavior 39 (40.6) 16 (44.4) 0.692

        Dry skin or excessive sweating 16 (16.7) 4 (11.1) 0.428

        Rubefaction 9 (9.4) 2 (5.6) 0.889

        Fast pulse 32 (33.3) 8 (22.2) 0.767

        Polypnea 31 (32.3) 7 (19.4) 0.147

        Headache 2 (2.1) 1 (2.8) 0.811

        Syncope 67 (69.8) 18 (50.0) 0.034

        Other 19 (19.8) 8 (22.2) 0.758

Laboratory findings, median (IQR)

        White-cell count, 109/L 11.0 (7.5-14.2) 7.3 (9.2-16.3) 0.062

        Hemoglobin, g/L 122.0 (110.5-135.5) 118.0 (106.0-132.5) 0.941

        Albumin, g/L 37.0 (33.3-39.7) 34.4 (31.1-36.4) 0.031
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Complications, n (%)

        Disturbance of water and electrolyte 69 (71.9) 20 (55.6) 0.075

        Rhabdomyolysis 28 (29.2) 6 (16.7) 0.144

        Hemorrhage of digestive tract 28 (29.2) 7 (19.4) 0.26

        Myocardial damage 50 (52.1) 20 (55.6) 0.722

        Disseminated intravascular coagulation 27 (27.8) 20 (54.2) 0.007

        Acute respiratory distress syndrome 12 (12.0) 20 (54.2) < 0.001

Clinical outcomes at data cutoff, n (%)

        Hospital discharge 54 (56.3) 10 (27.8) 0.004

        Death 17 (17.7) 9 (25.0) 0.348

        Still hospitalization 21 (21.9) 12 (33.3) 0.176

        Transferred to another hospital 4 (4.2) 5 (13.9) 0.048

1Nausea/vomiting, diarrhea, flatulence, or bloody stools are defined as gastrointestinal symptoms.
IQR: Interquartile range.

ARTICLE HIGHLIGHTS
Research background
Extreme heat exposure is a growing health problem. The effects of heat on the gastrointestinal tract is unknown.

Research motivation
It was intended to summarize the effects of heat on the gastrointestinal (GI) tract of intensive care unit (ICU) patients.

Research objectives
This study aimed to assess the incidence of GI symptoms associated with heatstroke and its impact on outcomes.

Research methods
We conducted a retrospective, multi-center, observational cohort study to analyze outcomes between patients.

Research results
The timing and duration of gastrointestinal symptoms affects heatstroke patient's prognosis and enteral nutrition (EN) 
therapy. The status of EN therapy is related to heatstroke patients’ outcomes. Advanced age and low Glasgow coma scale 
(GCS) scores are risk factors for gastrointestinal symptoms in heatstroke patients.

Research conclusions
The GI manifestations of heatstroke are common and appear to impact clinically relevant hospitalization outcomes.

Research perspectives
This was a retrospective, multi-center, observational cohort study that involved patients admitted to 83 ICUs located in 16 
cities in the Sichuan Province, China between June 1 and October 31, 2022. Results showed older heatstroke patients with 
a lower GCS score on admission were more likely to experience GI symptoms, which had statistical difference. Clinicians 
should pay attention to the time at which heatstroke patients started manifesting gastrointestinal symptoms, as well as 
the duration of said symptoms, to ensure that patients are timely treated with the proper EN therapy and have the best 
prognosis possible.
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Abstract
BACKGROUND 
L-type calcium channels are the only protein channels sensitive to calcium 
channel blockers, and are expressed in various cancer types. The Cancer Genome 
Atlas database shows that the mRNA levels of multiple L-type calcium channel 
subunits in esophageal squamous cell carcinoma tumor tissue are significantly 
higher than those in normal esophageal epithelial tissue. Therefore, we 
hypothesized that amlodipine, a long-acting dihydropyridine L-type calcium 
channel blocker, may inhibit the occurrence and development of esophageal 
cancer (EC).

AIM 
To investigate the inhibitory effects of amlodipine on EC through endoplasmic 
reticulum (ER) stress.

METHODS 
Cav1.3 protein expression levels in 50 pairs of EC tissues and corresponding 
paracancerous tissues were examined. Subsequently, the inhibitory effects of 
amlodipine on proliferation and migration of EC cells in vitro were detected using 
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3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide and Transwell assays. In vivo experiments were 
performed using murine xenograft model. To elucidate the underlying mechanisms, in vitro cell studies were 
performed to confirm that ER stress plays a role in inhibition proliferation and migration of EC cells treated with 
amlodipine.

RESULTS 
The expression level of Cav1.3 in esophageal carcinoma was 1.6 times higher than that in paracancerous tissues. 
Amlodipine treatment decreased the viability of esophageal carcinoma cells in a dose- and time-dependent 
manner. In vivo animal experiments also clearly indicated that amlodipine inhibited the growth of EC tumors in 
mice. Additionally, amlodipine reduces the migration of tumor cells by inhibiting epithelial-mesenchymal 
transition (EMT). Mechanistic studies have demonstrated that amlodipine induces ER stress-mediated apoptosis 
and suppresses EMT. Moreover, amlodipine-induced autophagy was characterized by an increase in autophagy 
lysosomes and the accumulation of light chain 3B protein. The combination of amlodipine with the ER stress 
inhibitor 4-phenylbutyric acid further confirmed the role of the ER stress response in amlodipine-induced 
apoptosis, EMT, and autophagy. Furthermore, blocking autophagy increases the ratio of apoptosis and migration.

CONCLUSION 
Collectively, we demonstrate for the first time that amlodipine promotes apoptosis, induces autophagy, and 
inhibits migration through ER stress, thereby exerting anti-tumor effects in EC.

Key Words: L-type calcium channel; Amlodipine; Esophageal cancer; Autophagy; Endoplasmic reticulum stress

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: L-type calcium channel blockers have been shown to inhibit the growth of various tumors. We observed a higher 
expression of the L-type calcium channel Cav1.3 in esophageal cancer (EC) tissue than in paracancerous tissues. 
Subsequently, we confirmed that amlodipine inhibited the development of EC both in vivo and in vitro. Finally, we 
established that this inhibitory effect is related to the activation of endoplasmic reticulum stress.

Citation: Chen YM, Yang WQ, Gu CW, Fan YY, Liu YZ, Zhao BS. Amlodipine inhibits the proliferation and migration of esophageal 
carcinoma cells through the induction of endoplasmic reticulum stress. World J Gastroenterol 2024; 30(4): 367-380
URL: https://www.wjgnet.com/1007-9327/full/v30/i4/367.htm
DOI: https://dx.doi.org/10.3748/wjg.v30.i4.367

INTRODUCTION
Esophageal cancer (EC) is a common malignant tumor of digestive system, the eighth of incidence and the sixth leading 
cause of cancer-related mortality in the world and consists of two subtypes: Esophageal squamous cell carcinoma (ESCC) 
and esophageal adenocarcinoma (EAC)[1]. Data from relevant organizations suggests that more than half of all EC cases 
worldwide are occur in China, with over 90% being squamous cell carcinoma subtypes[2]. Despite significant advances in 
medical technology and surgical techniques in recent years, patients with late-stage EC still face challenges regarding 
effective treatment. In China, the 5-year overall survival rate for EC is currently < 20%[3], highlighting the urgent need to 
identify new biological markers and therapeutic strategies for EC.

Voltage-gated calcium channels comprise a major group of cell membrane potential transducers, with L-type calcium 
channels being the only subtype. These channels are responsible for altering intracellular calcium ion transit, which 
triggers various physiological processes[4]. Conventional studies on L-type calcium channels have primarily focused on 
the excitation-contraction coupling of skeletal and cardiac muscles[5], regulation of hormone secretion from endocrine 
cells, and neurotransmitter release from nerve cells[6]. Previous research has shown that L-type calcium channels play a 
critical role in various biological processes, such as cell proliferation, differentiation, and migration[7]. Current research 
suggests that the expression levels of L-type calcium channels are closely related to potential biomarkers off certain types 
of cancer, such as those found in the prostate, breast, and uterine cervix[8]. Previous studies have found that amlodipine, 
a dihydropyridine L-type calcium channel blocker, significantly suppresses the proliferation of human colon carcinoma 
cells[9]. Similarly, amlodipine, another dihydropyridine L-type calcium channel blocker inhibited the growth of breast 
cancer[10], gastric cancer[11], and melanoma cells[12].

The endoplasmic reticulum (ER) is a fundamental organelle found in eukaryotic cells that fulfills several key functions 
such as protein synthesis and folding, calcium ion storage, and lipid and carbohydrate metabolism[13]. ER plays a vital 
role in maintaining the homeostasis of intracellular Ca2+ by acting as a major storage site. Disturbance of this balance 
results in the activation of the unfolded protein response (UPR) signaling pathway, which leads to the ER stress response. 
This leads to the expression of molecular chaperones within the ER, restoring normal cellular homeostasis[14]. In 
mammals, the UPR activation begins with three primary ER stress sensors: PKR-like ER kinase (PERK), inositol-requiring 
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enzyme 1 (IRE1), and activating transcription factor 6 (ATF6)[15]. These sensors remain inactive by binding to the 
chaperone glucose-regulated protein 78-kDa (GRP78) under normal conditions. However, when ER stress occurs, un/
misfolded proteins bind to GRP78, leading to the dissociation of PERK, IRE1, and ATF6 from GRP78. This initiates 
downstream signaling molecules in the UPR pathway[16]. ER stress initiates multiple signals, including activation of 
PERK, which induces phosphorylation of the eukaryotic translation initiation factor-2 alpha subunit (eIF2a). This 
phosphorylation inhibits the synthesis of most proteins, reducing the accumulation of proteins in the ER, and promoting 
UPR-related protein expression, including ATF4, which induces the transcription of C/EBP homologous protein (CHOP)
[17]. These responses either restore normal ER function or induce apoptosis and autophagy as self-protective mechanisms 
to maintain normal cell functions. When the ER stress response persists for an extended period without resolution, the 
UPR triggers specific cellular apoptosis programs designed to eliminate cells that have suffered significant damage. ER 
stress-induced apoptosis mainly involves two processes. One process activates signaling pathways, such as PERK/eIF2a/
CHOP, where increased expression levels of the CHOP protein effectively suppress sustained increases in Bcl-2 levels. 
The ER stress response produces a molecule called caspase-12, which is another factor contributing to apoptosis in cells
[18]. Other studies have also shown that ER stress may be closely related to the cellular autophagy process. Activation of 
PERK/eIF2a/CHOP signaling can lead to increased expression of the autophagy marker light chain 3 (LC3)[19]. ER stress 
is a common cellular response to anti-cancer treatments. Several studies have suggested that certain natural bioactive 
compounds induce prolonged ER stress and activate pro-death signaling pathways in different types of cancer[20]. 
However, some reports have indicated that ER stress plays a protective role against cisplatin resistance in lung cancer 
patients[21].

The Cancer Genome Atlas database showed that the mRNA levels of multiple L-type calcium channel subunits (such 
as CACNA1C and CACNA1D) in ESCC tumor tissues were significantly higher than those in normal controls. Although 
L-type calcium channel blockers such as amlodipine have been effective in blocking certain types of cancer, their effects 
on EC have not yet been reported. Therefore, in this study, we first hypothesized that amlodipine could effectively act on 
EC cells and then investigated the associated ER stress processes and UPR activation results in detail. We found that 
amlodipine inhibited the cell proliferation in vitro and in vivo, amlodipine also suppressed the migration of EC cells. 
Moreover, we demonstrated that one mechanism by which amlodipine plays an anti-EC role involves autophagic cell 
death initiated by the activation of ER stress signaling.

MATERIALS AND METHODS
Reagents and antibodies
Amlodipine was obtained from the Shihuida Pharma Group (Jilin Province, China). 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl tetrazolium bromide (MTT) and the ER stress inhibitor 4-phenylbutyric acid (4-PBA) were purchased from 
Sigma-Aldrich (St. Louis, MO, United States). The autophagy inhibitor 3-methyladenine (3-MA) was ordered from 
APEXBIO (Houston, TX, United States). Annexin V-FITC/propidium iodide Apoptosis Detection Kit was procured from 
Beyotime Technology (Shanghai, China). The primary antibodies against Cav1.3, E-cadherin, N-cadherin, Vimentin, β-
catenin, ATF6, CHOP, GRP78, p-eIF2α, Bax, Bcl-2, cytochrome C, cleaved-PARP, cleaved caspase 3, cleaved caspase 9, 
cleaved caspase 12, beclin-1, light chain 3 B (LC3B), GAPDH, and goat anti-rabbit secondary antibody were all purchased 
from Cell Signal Technologies (Danvers, MA, United States). Hanbio Biotechnology (Shanghai, China) supplied the 
mRFP-GFP-LC3 adenovirus particles. All the other chemicals were purchased from Boster (Wuhan, Hubei Province, 
China).

Patients and tissue specimens
This study enrolled 50 patients diagnosed with ESCC based on pathological analyses. All patients had undergone surgery 
at The First Affiliated Hospital of Xinxiang Medical University between 2017 and 2018, and none had received neo-
adjuvant radiotherapy or chemotherapy. The collected tissue specimens included both the tumor tissue and paired 
paracancerous esophageal mucous membranes obtained from 5 cm beyond the edge of the tumor tissue. All participants 
were required to sign informed consent forms, and the research plan was approved by the committee of The First 
Affiliated Hospital of Xinxiang Medical University before the commencement of the study.

Cell culture and treatments
Human EC cell lines were procured from Cobioer Biosciences (Nanjing, Jiangsu Province, China). These cells were 
cultured in PRMI-1640 medium supplemented with 10% heated fetal bovine serum (FBS; Biological Industries, Israel), 
maintaining a constant temperature of 37 °C in a 5% CO2 humidified incubator. Amlodipine was prepared in a PBS 
solution and diluted in the culture medium, with PBS serving as the control. Cells underwent various treatments as 
follows: amlodipine at concentrations ranging from 4 to 10 μg/mL, 4 μg/mL amlodipine treatment in the presence and 
absence of 3-MA, or 0.2 μM 4-PBA treatment 24 h prior to the application of 4 μg/mL amlodipine.

Cell viability assay
The KYSE-450, Eca109, SKGT-4 (seeded at 4 × 103 cells/well), and TE-1 cells (seeded at 5 × 103 cells/well) were plated 
overnight in 96-well plates. Subsequently, cells were subjected to treatment with various concentrations (4 μg/mL, 6 μg/
mL, 8 μg/mL, and 10 μg/mL) and doses of amlodipine. Control and experimental groups were established for each 
concentration. After one, two, and three days of culture, 10 μL of 0.5 mg/mL MTT dye was added to each well. Following 
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a further 4-h incubation, the resulting blue MTT formazan crystals were dissolved in 100 μL/well of DMSO. Absorbance 
was measured at 490 nm using a Multisken Spectrum microplate reader (Thermo Fisher Scientific, Carlsbad, CA, United 
States). OD values were used to calculate cell viability. The percentage of live cells was determined using the following 
formula: Percentage of live cells in each well = the average absorbance value per well from five tests divided by the 
average absorbance value from the control wells, multiplied by 100%. The percentage of live cells treated with each 
concentration was calculated as the average percentage of live cells obtained from five replicate experiments.

Transwell migration assay
Cell migration was assessed using a Transwell assay. Specifically, 1 × 105 of KYSE-450 or Eca109 cell suspension in 200 μL 
serum-free medium was added directly to the upper chamber with 8 μm micro-pores (Corning Costar, Manassas, 
Virginia, United States). Subsequently, 600 μL of complete culture medium was added to the lower chamber of the insert. 
Amlodipine was administered at specified doses to both the upper and lower compartments of the insert. After the 
migration period, non-migrating cells on the upper side of the membrane were removed using a cotton swab. Cells that 
migrated to the underside of the Transwell were fixed in a 4% paraformaldehyde solution and stained with 0.1% crystal 
violet. Five randomly selected fields on each membrane were observed under a phase-contrast microscope (Nikon, 
Tokyo, Japan) to determine the number of migrated cells.

Flow cytometric assay of apoptosis
KYSE-450 or Eca109 cells at a density of 8 × 104 cells were seeded in 6-mm culture dishes with a complete culture 
medium. After a 12-h incubation period, cells were treated with amlodipine at concentrations of 6 μg/mL and 8 μg/mL. 
Cells were harvested after 48 h of treatment. Cell apoptosis was assessed using membrane-associated protein V-FETC or 
propidium iodide staining. This allowed for the detection of cells undergoing apoptosis. The apoptosis rate was 
calculated using the BD FACS Calibur™.

Autophagic flux measurement
Autophagic flux was examined by infecting cells with the mRFP-GFP-LC3 adenovirus. Briefly, the mRFP-GFP-LC3 
adenoviral infection was induced according to the manufacturer’s instructions. After 24 h of infection, the cells were 
transferred onto glass coverslips in 12-well plates at a density of 1 × 104 cells/well and incubated overnight. 
Subsequently, these cells were treated with 4 μg/mL of amlodipine for 24 h. Finally, the cells were meticulously observed 
under an Axio Observer A1 microscope (Carl Zeiss, Germany), and the images were acquired with a Nikon digital 
camera DS-U3 (Nikon, Tokyo, Japan).

Western blot analysis
RIPA lysis buffer supplemented with 1 mmol/L PMSF, 2 μg/mL aprotinin, and 100 μM leupeptin was used to lyse cells. 
Equal amounts of 30 μg protein extracts were separated using SDS-polyacrylamide gel and transferred to nitrocellulose 
membranes. After blocking with a 5% non-fat dry milk solution, the membranes were incubated at 4°C overnight with 
primary antibodies targeting various proteins, including Cav1.3, cyclin B1, p21, Bax, Bcl-2, cleaved-PARP, cytochrome C, 
E-cadherin, N-cadherin, Vimentin, β-catenin, ATF6, CHOP, GRP78, cleaved caspase-3, cleaved caspase-9, cleaved 
caspase-12, beclin-1, or LC3B. Subsequently, the samples were washed with PBS-T and incubated with a secondary 
antibody conjugated with horseradish peroxidase. Following three washes with PBS-T, the samples were treated with 
chemiluminescent substrates using an UltraSignal West Pico kit (Thermo Fisher Scientific, Waltham, MA, United States). 
Finally, all blots were analyzed using the AmershamTM Imager 600 System (GE Healthcare Bio-Sciences, Pittsburgh, PA, 
United States), and quantitative analysis was performed using ImageJ (Version 1.53c).

Anti-tumor activity in murine xenograft model
A total of 16 female BALB/c nude mice were procured from Beijing Vital River Laboratory Animal Technology (Beijing, 
China) and maintained under specific pathogen-free conditions (12-h light/dark cycle, 21 °C ± 2 °C, humidity 50% ± 
10%). Mice were cared for in accordance with the guidelines approved by the Ethics Committee of the First Affiliated 
Hospital of Xinxiang Medical University. A tumor xenograft mouse model was successfully established by injecting 1 × 
106 Eca109 cells into the left hind limb of BALB/c mice. Tumor size was calculated using the formula V = L × W2/2, where 
L and W represent the maximum and minimum diameters, respectively. Once the tumor volume reached approximately 
50 mm3, the mice were randomly divided into two groups of eight mice each, and gavage administration was initiated. 
One group was treated with the vehicle control PBS, whereas the other group was treated with amlodipine at a concen-
tration of 13 mg/kg per day for 15 d. Daily weight and tumor size were measured and recorded throughout the 
procedure. At the end of the 15-d treatment period with amlodipine, the experimental mice were euthanized, and the 
tumor was removed, weighed, and measured.

Statistical analysis
The data were analyzed using the SPSS 26 statistical software, and the mean and standard deviation were calculated. The 
Student’s t-test was used to assess the differences between two sets of data to determine statistical significance. For 
comparisons involving multiple groups, an analysis of variance (ANOVA) was conducted, followed by post hoc least 
significant difference testing, where appropriate. Statistical significance was set at P < 0.05.
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Table 1 Clinicopathological characteristics of the esophageal squamous cell carcinoma patients

Cav1.3 expression
Parameters n

High, n = 28 Low, n = 22
P value

Age 0.833

< 65 33 17 16

≥ 65 17 11 6

Gender 0.231

Male 34 21 13

Female 16 7 9

Tumor location 0.485

Middle 30 18 12

Lower 20 10 10

Differentiation 0.102

Low 16 8 8

Moderate 21 12 9

High 13 8 5

TNM staging 0.435

I 10 6 4

II 27 13 14

III 13 9 4

Lymphatic metastasis 0.854

Yes 22 12 10

No 28 16 12

Hypertension 0.284

Yes 14 7 7

No 36 21 15

RESULTS
Expression of Cav1.3 in EC tissue and cells
Evidence indicates that abnormal expression of L-type calcium channels is associated with cancer progression. To 
investigate the protein levels of Cav1.3, a crucial subunit of the L-type calcium ion channel, in patients with ESCC, tumor 
tissues and paired adjacent tissues from 50 patients with ESCC, whose clinical features are detailed in Table 1, were 
subjected to Western blot analysis. The representative results are shown in Figure 1A. Quantitative analysis revealed that 
the levels of Cav1.3 in ESCC tumor tissues were 1.60 times higher than those in the adjacent tissues (Figure 1B). 
Subsequent examination of Cav1.3 protein levels in various EC cell lines revealed that they were higher than those in 
normal human esophageal epithelial cells (Figure 1C). Consequently, we hypothesized that elevated levels of Cav1.3 
promote the occurrence and development of ESCC and that L-type calcium ion channel blockers may play an inhibitory 
role against ESCC. Amlodipine, a third-generation dihydropyridine long-acting calcium channel blocker, is commonly 
used to treat cardiovascular diseases because of its minimal side effects. Therefore, we used amlodipine in follow-up 
experiments to explore the effect of L-type calcium channel blockers on progression of EC.

Amlodipine inhibits EC cell growth through mitochondria-mediated apoptosis
To investigate the anti-tumor effect of amlodipine on EC cells, an MTT assay was initially conducted to assess its effect on 
cell proliferation in both ESCC and EAC cells. Various concentrations of amlodipine (ranging from 4 μg/mL to 10 μg/
mL) were applied to the cells, with different treatment durations ranging from 24 h to 72 h. Figure 2A illustrates the 
effects of amlodipine concentration and treatment duration on cell viability, which indicated a significant inhibitory effect 
on ESCC cell proliferation.

To explore the potential mechanisms underlying the inhibition of ESCC cell proliferation by amlodipine, its effects on 
apoptosis in KYSE-450 and Eca109 cells were investigated. After treatment with amlodipine for 48 h, flow cytometry 
revealed an increase in the apoptotic index (Figure 2B), establishing a correlation between the dose of amlodipine and the 
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Figure 1 Levels of Cav1.3 expression in esophageal cancer cell tissues. A: Representative detection of Cav1.3 level in esophageal squamous cell 
carcinoma (ESCC) by Western blot, N means adjacent tissues and C means cancer tissues; B: Statistical analysis of 50 cases of esophageal squamous cell 
carcinoma showed that level of Cav1.3 in ESCC tumor tissue was 1.60 times higher than that in adjacent tissue. aP < 0.05 vs the adjacent tissues; C: Western blot 
detection showed that the level of Cav1.3 in ESCC cells KYSE-70, KYSE-140, KYSE-450, Eca109, TE-1, and esophageal adenocarcinoma cell SKGT-4 was higher 
than that in esophageal squamous cell Het-1A.

induction of apoptosis in KYSE-450 and Eca109 cells. To delve deeper into the molecular signals involved in amlodipine-
induced apoptosis, we examined apoptosis-related proteins, specifically focusing on mitochondrial apoptosis markers, 
including Bax, Bcl-2, cytochrome C, and cleaved-PARP, by Western blotting (Figure 2C). The results indicated that 
amlodipine reduced the levels of Bcl-2 and induced the levels of Bax, cytochrome C, and cleaved-PARP. Overall, our 
findings suggest that the amlodipine-induced inhibition of ESCC cell viability is associated with the induction of 
mitochondrial apoptosis.

Amlodipine inhibited migration of EC Cells by restraining epithelial-mesenchymal transition
To identify the effect of amlodipine on EC cell migration, a Transwell assay was performed. Based on the MTT assay 
results described in Figure 1A, doses of amlodipine at 4 μg/mL, 6 μg/mL, and 8 μg/mL were selected, and cells were 
allowed to migrate for 24 h post-amlodipine treatment. Notably, the inhibitory effect of amlodipine on ESCC cell 
migration was more potent than that observed on EAC cells (Figure 3A), which was consistent with the cell proliferation 
data presented in Figure 1A. Cell migration involves multiple steps, including epithelial-mesenchymal transition (EMT). 
To clarify whether amlodipine inhibits EMT, the levels of EMT markers, including β-catenin, E-cadherin, N-cadherin, and 
Vimentin were measured. The results demonstrated that amlodipine significantly reduced the expression levels of β-
catenin, Vimentin, and N-cadherin, while increasing the protein content of E-cadherin, as depicted in Figure 3B. These 
findings suggest that the inhibitory effect of amlodipine on EC cell migration is primarily due to its inhibitory effect on 
EMT.

Amlodipine inhibited the viability and migration of EC cell through the induction of ER stress
Given that amlodipine is an L-type calcium channel blocker that can induce changes in intracellular calcium homeostasis 
by triggering ER stress, the protein levels of ER stress molecules in patients after amlodipine treatment were systemat-
ically investigated. As shown in Figure 4A, the levels of UPR sensors, including GRP78, ATF-6, p-eIF2α, and CHOP, 
increased after amlodipine treatment in KYSE-450 and EC-109 cell lines, indicating that amlodipine induces ER stress. 
Studies have suggested that CHOP, which is elevated in response to excessive ER stress, activates the caspase cascade. 
Therefore, the effect of amlodipine on apoptosis-related caspase cleavage was investigated. Amlodipine upregulated the 
levels of cleaved caspase-12, cleaved caspase-9, and cleaved caspase-3 (Figure 4A). To further explore whether the effects 
of amlodipine on ESCC cell viability and migration were mediated by ER stress, the inhibitor 4-PBA was applied to ESCC 
cells before amlodipine treatment. Pretreatment with 4-PBA significantly blocked the amlodipine-induced inhibitory 
effects on ESCC cell viability (Figure 4B), and migration (Figure 4C) exhibiting a definite reversal effect on amlodipine-
induced alterations in ATF-6, p-eIF2α, and CHOP proteins related to ER stress, cleaved caspase-3 proteins related to 
apoptosis, and E-cadherin proteins related to EMT (Figure 4D). Collectively, these results suggest that amlodipine 
reduces ESCC cell viability and migration by inducing ER stress.

Amlodipine-induced autophagy in EC cells
The Ca2+ signaling pathway plays a critical role in various cellular activities, and its impact on autophagy can either 
facilitate or inhibit[22]. Given that the blockade of L-type calcium channels leads to an imbalance in intracellular calcium 
homeostasis, whether amlodipine promotes autophagy in ESCC cells was investigated. Autophagy dual-fluorescent LC3 
adenoviruses were introduced into ESCC cells and alterations in autophagic flux in response to amlodipine treatment 
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Figure 2 Amlodipine suppressed esophageal carcinoma cell growth through mitochondria-mediated apoptosis. A: For human esophageal 
cancer cells, treatment with different concentrations of amlodipine solution at 4-10 μg/mL, increasing by 2 μg/mL, was performed. Cell viability was measured using 
the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT) assay to observe the state of cells after treatment for one, two, and three days aP < 0.05 vs 
Control; B: KYSE-450 and Eca109 cells were exposed to amlodipine at a concentration of either 6 or 8 μg/mL for 48 h, following which the percentage of apoptotic 
cells was measured using flow cytometry or propidium iodide staining aP < 0.05 vs Control, bP < 0.01 vs Control; C: In addition, after two days of treatment with 
amlodipine, changes in the levels of various apoptosis-related proteins including Bcl-2, Bax, cleaved PARP, and cytochrome C were detected using Western blotting 
techniques. UR: Upper right quadrant LR: Lower right quadrant.

were examined. In control cells (left lane in Figure 5A), both green (GFP-LC3) and red (RFP-LC3) fluorescence were 
dispersed in the cytoplasm. However, after amlodipine treatment (right lane in Figure 5A), green fluorescent spots 
(autophagosomes) and red fluorescent spots (autophagolysosomes) were observed, suggesting that amlodipine promotes 
autophagy. Microtubule-associated protein 1 LC3B, an autophagosome membrane-type LC3 converted from cytoplasmic 
LC3-I, and beclin-1, a key regulator required for the initiation of autophagosome formation, were examined. The results 
demonstrated that amlodipine increased the levels of LC3B and beclin-1 in a dose-dependent manner (Figure 5B), further 
confirming the role of amlodipine in promoting autophagy. To investigate whether autophagy is mediated by 
amlodipine-induced ER stress, the cells were treated with an ER stress inhibitor 4-PBA. As shown in Figure 5C, 4-
treatment reduced the amlodipine-induced upregulation of LC3B. These data suggest that amlodipine promotes 
autophagy via activation of ER stress in ESCC cells.

Inhibition of autophagy enhanced amlodipine-induced apoptosis and migration
Autophagy is induced when ER stress occurs and serves as a crucial compensatory protective mechanism in cells. When 
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Figure 3 Amlodipine inhibited esophageal carcinoma cells migration by restraining epithelial-mesenchymal transition. A: Human esophageal 
carcinoma cells (KYSE-450, TE-1, Eca109, and SKGT-4) were treated with increasing doses of amlodipine (4 μg/mL, 6 μg/mL, and 8 μg/mL) and assessed cell 
migration at 24 h via Transwell migration assay; B: The Western blot results clearly showed the percentage of mesenchymal marker N-cadherin, epithelial marker E-
cadherin, and β-catenin protein in KYSE-450 and Eca109 cells after treatment with amlodipine.

autophagy is insufficient to counteract damaging factors, apoptosis can occur. Therefore, we investigated whether 
amlodipine-induced autophagy functions as a compensatory protective mechanism in ESCC cells and whether it 
promotes cell apoptosis. To verify this hypothesis, the autophagy inhibitor 3-MA was used. Compared to amlodipine 
treatment alone, the combination of 3-MA and amlodipine resulted in more pronounced inhibitory effects on cell viability 
and migration (Figure 6A and B), indicating that the inhibition of autophagy enhances amlodipine-induced apoptosis and 
migration. Western blot analysis revealed that the combination treatment blocked amlodipine-induced LC3B formation 
and promoted amlodipine-induced upregulation of E-cadherin, while cleaved caspase-3 decreased (Figure 6C). In 
summary, the results of these experiments demonstrate the efficacy of amlodipine and suggest that inhibiting autophagy 
increases amlodipine-induced cell death.

Amlodipine inhibited growth of human EC cell line-derived xenograft tumor in vivo
To further determine whether amlodipine exhibits an anti-tumor role against ESCC in vivo, a study was conducted in 
BALB/c nude mice, wherein these mice were implanted with Eca109 cells to establish a tumor xenograft model. The mice 
were then divided into the amlodipine treatment and vehicle groups. Compared to the vehicle group, the amlodipine 
group exhibited a dynamically significant reduction in tumor size without affecting body weight (Figure 7A and B). At 
the end of the experiment, the tumor tissues (Figure 7C) were photographed, and their average weight (Figure 7D) was 
calculated. Images and results showed that, compared to the vehicle group, the tumors had a smaller volume and 
reduced tumor weight in the amlodipine-treated group, further supporting the anti-tumor role of amlodipine in ESCC. 
The amlodipine-induced tumor inhibition rate was 30.95% (Figure 7E). Taken together, these data indicated that 
amlodipine inhibited EC growth in vivo.

DISCUSSION
Cytosolic free Ca2+ is a ubiquitous secondary messenger that controls various fundamental cellular processes, including 
muscle contraction, cell motility, neurotransmitter release, exocytosis, and endocytosis. It also has been well documented 
that cytosolic free Ca2+ plays essential roles in cell proliferation, migration, cell cycle control, and apoptosis, which are 
general features that malignant cells possess[23]. Intracellular Ca2+ homeostasis is regulated by calcium channels on the 
cell membrane, ER, and mitochondrial surface[24]. One type of calcium channel on the cell membrane is the voltage-gated 
calcium channel (VGCC), the activation of which causes Ca2+ influx into the cells. Previous research and available public 
datasets have demonstrated that L-type calcium channels, which constitute a major type of VGCCs, are functionally 
expressed in various cancer cells and tissue samples from diverse cancer types[8]. Therefore, the extent to which L-type 
calcium channels are expressed in ESCC is unclear. In this study, we measured the levels of Cav1.3, an essential subunit 
of the L-type calcium ion channel, in 50 cases of paired EC and adjacent tissues from patients with ESCC and discovered 
that the average level of Cav1.3 in cancerous tissue was 1.60 times higher than that seen in adjacent tissues. Higher levels 
of Cav1.3 were detected in both ESCC and EAC cells compared to those in the esophageal epithelial cell line Het-1A. 
These results suggest that L-type calcium channels possibly function as potential targets for anti-EC therapies.

Dihydropyridine calcium channel blockers are the best-known class of L-type calcium channel blockers and are widely 
used to treat hypertension, angina pectoris, and atherosclerosis[25]. Many studies have demonstrated that dihydro-
pyridine calcium channel blockers effectively suppress cancer cell growth[26]. Amlodipine, a third-generation calcium 
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Figure 4 Amlodipine repressed esophageal carcinoma proliferation and migration via induction of endoplasmic reticulum stress. A: KYSE-
450 and Eca109 cells were treated with amlodipine at different concentrations for two days. According to the Western blot results, the protein levels of CHOP, p-eIF2
α, GRP78, cleaved caspase-12, ATF6, cleaved caspase-9, and cleaved caspase-3 could be observed; B: With a concentration of 4 μg/mL amlodipine drug, 0.2 μM of 
4-phenylbutyric acid (4-PBA), mixed treatment, then placed into KYSE-450 and Eca109 cells, with the help of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium 
bromide (MTT) assay to test the cell activity presented by these cells in 1 d to 3 d aP < 0.05 vs amlodipine; C: Transwell migration assay was conducted to examine 
cell migration of KYSE-450 and Eca109 when treatment with amlodipine (4 μg/mL), 4-PBA (0.2 μM) or both combination for 24 h; D: Western blot analysis showed 
the levels of ATF6, CHOP, p-eIF2α, E-cadherin, and cleaved caspase-3 in KYSE-450 and Eca109 cells after treatment with amlodipine (4 μg/mL), 4-PBA (0.2 μM) or 
both combination for 48 h. All amlodipine and 4-PBA combination treatment was applying 4-PBA in advance for 1 h then amlodipine.

antagonist, suppresses the proliferation and migration of various cancer cell types. For example, this drug can utilize 
ERK1 or ERK2, integrin-β1, Bcl-2, and other inhibitors of the proliferation of breast cancer cells in the body, resulting in 
the formation of colonies, which are vulnerable to invasion[10]. Amlodipine also suppresses the growth of gastric cancer 
stem cells and exerts an anti-tumor effect mainly by affecting the stability of Ca2+ concentrations within the cells[27].

When the intracellular Ca2+ concentration is out of balance, it often destroys Ca2+ homeostasis in the ER, consequently 
leading to ER stress, which maintains ER homeostasis and ensures cell survival via the UPR[14]. The UPR mainly includes 
three protein signal transduction pathways: PERK, IRE1, and ATF6. The UPR mechanism activated during ER stress 
reduces the accumulation of misfolded or unfolded proteins in the ER, thereby minimizing the damage caused by protein 
accumulation, restoring ER homeostasis, and ultimately promoting the survival of stressed cells. These effects are 
mediated through the activation of three signaling pathways described previously[16]. However, when persistent and 
severe ER stress occurs, the survival mode of UPR changes to a mode that promotes apoptosis. CHOP is a marker gene 
for apoptosis induced by ER stress[28]. ER stress-mediated apoptosis involves several cellular mechanisms, including the 
regulation of CHOP gene expression and the subsequent activation of downstream targets, such as members of the Bcl-2 
protein family. Continuous activation of CHOP can lead to the downregulation of the anti-apoptotic protein Bcl-2, 
ultimately leading to the activation of mitochondrial apoptosis regulated by Bax[29]. Moreover, caspase-12 is also 
recognized as a key factor in ER stress-induced apoptosis. IRE1α, located on the ER membrane, can induce apoptosis 
during periods of ER stress. Activation of caspase-12 induced by ER stress leads to the cleavage and activation of caspase-
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Figure 5 Amlodipine induced autophagy in esophageal carcinoma cells. A: Eca109 cells after transient infection with GFP-RFP-LC3 virus were treated 
with vehicle control PBS or amlodipine (6 μg/mL) for 24 h and representative fluorescence images were captured. Bar = 20 μm; B: Protein trajectory results were 
measured using PBS or different concentrations of amlodipine, and the levels of beclin-1 and light chain 3 B (LC3B) in KYSE-450 and Eca109 cells after two days of 
treatment were detected; C: Western blot analysis revealed the level of LC3B in KYSE-450 and Eca109 after 48 h treatment with amlodipine (4 μg/mL), 4-
phenylbutyric acid (4-PBA) (0.2 μM) or both combination (applying 4-PBA in advance for 1 h then amlodipine). GAPDH served as a loading control.

Figure 6 Inhibition of autophagy enhanced amlodipine-induced apoptosis and migration. A and B: To investigate the effects of amlodipine, 3-
methyladenine (3-MA), or their combination on cell proliferation and migration of KYSE-450 and Eca109 cells, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium 
bromide (MTT) and Transwell migration assay were carried out, and significant results were observed with aP < 0.05 vs Control; C: LC3B, as well as E-cadherin 
content and levels, were tested in detail by means of western blot analysis, cleaved caspase 3 in KYSE-450 and Eca109 cells after treatment with amlodipine (4 
μg/mL), 3-MA (3 mmol/L), or their combination. GAPDH served as a loading control. 3-MA: 3-methyladenine.
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Figure 7 In vivo studies revealed that amlodipine was able to impede Eca109 tumor xenografts. Initially, 1 × 106 Eca109 cells were 
subcutaneously implanted into the left hind limb of female BALB/c nude mice. After five days, when tumors reached an approximate size of 50 mm3, the mice were 
orally administered with amlodipine (13 mg/kg/d) or PBS control vehicle once daily via gavage. Following treatment for fifteen days, the mice were euthanized and 
their respective tumors were excised for further analysis. A and B: Body weight (A) and the growth curves (B) of tumors were compared between the control group 
and amlodipine group with significant differences observed at aP < 0.05 vs Control; C: Physical images of tumor xenografts in each group; D: The xenogeneic tumor 
weights in each group aP < 0.05 vs Control; E: Inhibitory rate of amlodipine on Eca109 xenografts in athymic nude mice aP < 0.05 vs Control.

9, which then activates a series of effector caspases and induces apoptosis[30]. This experiment demonstrates that the 
drug effect of amlodipine increases the content of ER stress-related proteins in ESCC cells, the most important ones being 
GRP78, ATF6 and p-eIF2α. This causes the process of Bcl-2 expression, regulated by CHOP signaling, to decrease. 
Consequently, the expression levels of both cytochrome c and the pro-apoptotic protein Bax in cells are increased. These 
phenomena provide strong evidence that amlodipine causes an ER stress response and apoptosis in the mitochondria. At 
the same time, we detected an increase in the expression of ER stress-specific apoptotic molecules, including cleaved 
caspase-12, whose expression was elevated. This further activated cleaved caspase-9 and cleaved caspase-3 to promote 
cell apoptosis.

Recent studies have found that ER stress/UPR are not only related to tumor survival and apoptosis, but are also 
related to tumor metastasis. Research has indicated that molecules associated with ER stress signaling can impact the 
EMT process in tumor cells, mainly by regulating the transcriptional changes of EMT-induced transcription factors[31]. 
For example, the activation of IRE1 α/XBP1 signal pathway can induce Snail transcription in breast cancer cells, promote 
EMT in these cells, and enhance their migration and invasion ability[32,33]. It has also been reported that the activation of 
ER stress inhibits the metastasis of gastric and lung cancers by inhibiting EMT[34,35]. This study provides valuable 
evidence that amlodipine inhibits EMT, which ultimately affects the migration of ESCC cells. To further confirm that 
amlodipine induces ER stress to promote apoptosis and inhibit EMT, we used 4-PBA, an inhibitor of ER stress, and 
observed the reversal of ER stress, apoptosis, and EMT-related protein functions. In in vivo experiments, we demonstrated 
that amlodipine has an anti-tumor effect, although its internal mechanism could not be clarified. These data suggested 
that the anti-cancer effects of amlodipine against ESCC cells may be attributed to the activation of ER stress.

The proteasome-regulated degradation system cannot handle excessive amounts of un/misfolded proteins during ER 
stress. Consequently, autophagy is induced to remove these proteins[36]. It has been proven that ER stress and autophagy 
induced by it are closely related to tumors and have double-edged sword effects[37]. Therefore, it is particularly 
important to utilize different conditions to clarify the effects and related mechanisms of autophagy in tumor cells, to 
provide a valuable basis for the development of treatments involving cellular autophagy. In this study, 4-PBA combined 
with amlodipine downregulated LC3B levels. The results of this study indicate that amlodipine-induced autophagy may 
be due to ER stress. To further elucidate the role of autophagy in amlodipine-induced ER stress, the autophagy inhibitor 
3-MA was used. Amlodipine combined with 3-MA significantly enhanced amlodipine-induced cell death and inhibited 
cell migration. Amlodipine promotes autophagy through ER stress, and autophagy plays a role in protecting tumor cells, 
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providing a basis for the combined application of amlodipine and autophagy inhibitors in clinical setting.

CONCLUSION
In conclusion, we have demonstrated for the first time that amlodipine inhibits cell proliferation in vitro and in vivo, 
promotes apoptosis and inhibits EMT through ER stress in EC. Moreover, amlodipine induces autophagy, which 
alleviates ER stress and may play a cytoprotective role. Our findings provide essential evidence supporting amlodipine, 
and the combined use of amlodipine with an autophagy inhibitor, as potential therapeutic options for patients with 
ESCC.

ARTICLE HIGHLIGHTS
Research background
Esophageal cancer (EC) is the sixth most common tumor worldwide and has a poor prognosis. Although L-type calcium 
channel blockers have demonstrated efficacy in inhibiting the occurrence and development of various tumors, their 
impact on EC remains unclear.

Research motivation
Patients with EC have a poor prognosis owing to a lack of effective treatments and prognostic indicators. This study 
aimed to explore a novel approach for treating EC and improving patient survival rates.

Research objectives
To elucidate the mechanism by which the L-type calcium channel blocker, amlodipine, inhibits the proliferation and 
migration of EC cells, thereby offering a potential new avenue for the treatment of EC.

Research methods
Western blot analysis was used to assess the expression of relevant proteins. Cell migration was evaluated using 
Transwell assays and apoptosis was measured using flow cytometry. The endoplasmic reticulum (ER) stress inhibitor 4-
phenylbutyric acid was used to prevent ER stress. Transduction of EC cells with GFP-RFP-LC3 adenovirus confirmed that 
amlodipine-mediated ER stress functions through downstream autophagy. In addition, a murine xenograft model 
constructed using Eca109 cells was used to validate the anti-tumor effects of amlodipine in vivo.

Research results
This study revealed that the Cav1.3 level in EC tissues was higher than that in adjacent tissues. The L-type calcium 
channel blocker, amlodipine, inhibits the proliferation and migration of EC cells while promoting apoptosis. Mechanistic 
investigations have indicated that these effects are associated with the induction of cellular ER stress. Further studies 
using GFP-RFP-LC3 adenovirus-transfected cells treated with amlodipine demonstrated that autophagy, mediated by ER 
stress, played a protective role in this process. In addition, amlodipine inhibited EC cell growth and presented an 
antitumor effect in vivo.

Research conclusions
L-type calcium channels are highly expressed in EC tissues. Both in vivo and in vitro experiments revealed that 
amlodipine inhibited the proliferation and migration of EC cells through ER stress.

Research perspectives
The expression levels of L-type calcium channels in EC may serve as an index of prognosis, and the combination of 
amlodipine with autophagy inhibitors holds promise as a novel treatment approach. Future endeavors should involve 
large-sample multicenter clinical studies to further validate its reliability.
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Abstract
BACKGROUND 
Radiomics is a promising tool that may increase the value of magnetic resonance 
imaging (MRI) for different tasks related to the management of patients with 
hepatocellular carcinoma (HCC). However, its implementation in clinical practice 
is still far, with many issues related to the methodological quality of radiomic 
studies.

AIM 
To systematically review the current status of MRI radiomic studies concerning 
HCC using the Radiomics Quality Score (RQS).

METHODS 
A systematic literature search of PubMed, Google Scholar, and Web of Science 
databases was performed to identify original articles focusing on the use of MRI 
radiomics for HCC management published between 2017 and 2023. The methodo-
logical quality of radiomic studies was assessed using the RQS tool. Spearman’s 
correlation (ρ) analysis was performed to explore if RQS was correlated with 
journal metrics and characteristics of the studies. The level of statistical signi-
ficance was set at P < 0.05.

RESULTS 
One hundred and twenty-seven articles were included, of which 43 focused on 
HCC prognosis, 39 on prediction of pathological findings, 16 on prediction of the 
expression of molecular markers outcomes, 18 had a diagnostic purpose, and 11 
had multiple purposes. The mean RQS was 8 ± 6.22, and the corresponding 
percentage was 24.15% ± 15.25% (ranging from 0.0% to 58.33%). RQS was 
positively correlated with journal impact factor (IF; ρ = 0.36, P = 2.98 × 10-5), 5-
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years IF (ρ = 0.33, P = 1.56 × 10-4), number of patients included in the study (ρ = 0.51, P < 9.37 × 10-10) and number of 
radiomics features extracted in the study (ρ = 0.59, P < 4.59 × 10-13), and time of publication (ρ = -0.23, P <  0.0072).

CONCLUSION 
Although MRI radiomics in HCC represents a promising tool to develop adequate personalized treatment as a 
noninvasive approach in HCC patients, our study revealed that studies in this field still lack the quality required to 
allow its introduction into clinical practice.

Key Words: Hepatocellular carcinoma; Systematic review; Magnetic resonance imaging; Radiomics; Radiomics quality score

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This systematic review aimed at evaluating the status of magnetic resonance imaging (MRI) radiomic studies 
related to hepatocellular carcinoma (HCC) using the Radiomics Quality Score (RQS) to assess methodological quality. A 
systematic literature search identified 127 articles covering various steps of HCC management. The mean RQS was 8 ± 6.22, 
with significant variation. RQS was significantly correlated with journal impact factor (IF), 5-year IF, the number of patients 
involved, the number of radiomic features extracted, and the publication year. Despite the potential of MRI radiomics in 
HCC, its clinical implementation is hindered by a lack of quality in studies in this field.

Citation: Brancato V, Cerrone M, Garbino N, Salvatore M, Cavaliere C. Current status of magnetic resonance imaging radiomics in 
hepatocellular carcinoma: A quantitative review with Radiomics Quality Score. World J Gastroenterol 2024; 30(4): 381-417
URL: https://www.wjgnet.com/1007-9327/full/v30/i4/381.htm
DOI: https://dx.doi.org/10.3748/wjg.v30.i4.381

INTRODUCTION
Medical imaging has progressed over the last few decades from a simple diagnostic tool for diseases to a massive supply 
of quantitative data free of the normal subjective interpretation that characterizes conventional clinical practice. The 
introduction of technological advances and the quest for precision medicine have given rise to a new potential branch of 
research known as "radiomics". Radiomics is a quantitative technique that turns digitized medical pictures into high-
dimensional mineable features that may be correlated with clinical endpoints such as pathological findings, treatment 
response, and survival. Radiomics can also be integrated with other quantitative data, such as genomics and pathomics 
data, to provide a comprehensive approach to disease[1-4]. As a quantitative analysis of digital images, radiomics has the 
potential to reveal specific disease characteristics that are otherwise inaccessible to the naked eye using conventional 
imaging modalities. This method may increase the quantity of clinically relevant data that may be extracted from medical 
images, offering the possibility of discovering innovative imaging biomarkers for the diagnosis, characterization, and 
prediction of outcomes in a wide range of diseases, including oncologic diseases[5]. In the field of oncology, the rationale 
behind radiomics is that biological tumor characteristics might be mirrored by quantifying medical image heterogeneity 
using extracted radiomic features, encompassing aspects of tumor progression, response to therapeutic interventions, and 
clinical outcomes. Quantitative imaging has garnered significant interest in the non-invasive detection of tumor hetero-
geneity, and recent radiomics studies across various oncological fields have shown a strong association between imaging 
heterogeneity and the characteristics of solid tumors[6].

Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related deaths worldwide and poses serious 
challenges for screening, early diagnosis and treatment firstly because most HCC is diagnosed at an advanced stage when 
curative treatment options are limited, and also because of its complex heterogeneity at multiple levels: heterogeneity 
between tumor nodules from the same patient (intertumor heterogeneity), within the same tumor nodule (intratumor 
heterogeneity) and between patients (interpatient heterogeneity)[7,8]. Furthermore, current clinical practice based on 
single bioptic or tumor tissue section fails to discover useful biomarkers, and many existing staging systems for HCC are 
based on postoperative pathological examinations, which cannot aid in preoperative decision-making[9]. In contrast to 
numerous other solid tumors, HCC can be diagnosed by using distinctive enhancement patterns on dynamic multiphasic 
CT or magnetic resonance imaging (MRI), without additional histopathologic confirmation[10,11]. Although imaging 
plays an important role in the screening, early identification, and management of HCC patients, the imaging evaluation 
of HCC is still based on subjective interpretation of qualitative imaging descriptors and tumor size estimate, both of 
which are prone to variability[10,12,13]. Of note, although CT is more generally available, faster, and needs less exper-
ience to administer and interpret pictures than MRI, its downsides include radiation exposure and low soft tissue 
contrast, which demands the use of iodinated contrast agents. The increased soft tissue contrast of MRI, on the other 
hand, enables for the examination of a range of tissue features that may be relevant in HCC therapy[14,15]. In this 
context, recent advantages in MRI radiomics can potentially address the urgent need for noninvasive, radiation-free 
strategies that can aid in the early detection of HCC and preoperative prediction of tumor behavior, as well as address the 
inherent variability of qualitative imaging descriptors and provide previously unavailable information to obtain a better 

https://www.wjgnet.com/1007-9327/full/v30/i4/381.htm
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stratification of HCC patients for a more precise treatment decision making.
Over the last decade, there has been a significant increase in radiomics studies in the field of HCC. Many of these 

studies have demonstrated the effectiveness of radiomic features for differential diagnosis, grading, predicting 
microvascular invasion, overall survival, recurrence, and treatment response[16-19]. Nevertheless, radiomics is presently 
limited to academic literature in the context of HCC, as physicians question its utility due to the absence of a translation 
from research studies to clinical application. This is attributed, at least in part, to the overall deficiency of streamlined and 
productive methods for integrating imaging biomarkers into clinical practice[20-22]. Lambin et al[2] developed the 
Radiomics Quality Score (RQS) to provide a standardized evaluation of the radiomics performance, reproducibility, and 
clinical. The RQS metric system determines the validity and comprehensiveness of radiomics investigations. This tool is 
modality-independent tool and was designed to assess the methodological quality of radiomics studies. The methodology 
and analyses of a radiomics study are evaluated based on 16 criteria that reward or penalize, promoting the best scientific 
practice[2]. Recent research tried to examine the current state of the art in HCC radiomics, stressing the major concepts, 
clinical applications, and limitations[23-25]. However, it is clear from these research that the bulk of radiomic investig-
ations on HCC have been conducted on CT, with only a few looking into MRI. Furthermore, the quality of science and 
reporting in HCC MRI radiomics research investigations is mainly unknown.

Hence, the objective of this study was to provide a comprehensive overview of the existing state of MRI radiomic 
investigations related to HCC. Simultaneously, we aimed to evaluate the methodological quality of each study using the 
RQS to assess the radiomics analyses conducted in prior publications. The study’s goal is to promote the quality of MRI 
radiomics research studies in HCC as a diagnostic, prognostic, and/or predictive tool, to allow radiomics to become an 
appropriate medical decision-making tool by facilitating the combined analysis of clinical data and high-throughput 
imaging features, while taking advantage of the benefits arising from the MRI technique.

MATERIALS AND METHODS
Search strategy and selection criteria
A systematic search was conducted for all published studies exploring the role of MRI radiomics in the field of HCC. 
PubMed, Web of Science and Google Scholar electronic databases were comprehensively explored and used to build the 
search. Only studies published in the last six years were selected. The last search was performed on June 1, 2023. The 
search terms consisted in: (“radiomics” OR “texture” OR “histogram”) AND (“MRI” OR “Magnetic Resonance Imaging”) 
AND (“Hepatocellular Carcinoma” OR “HCC”). The literature search was limited to English language publications and 
studies of human subjects. Two reviewers, after having independently screened the identified titles and abstracts, 
assessed the full text of articles aiming at exploring MRI radiomics in the field of HCC and that were not review articles. 
For articles meeting these criteria with full text available, the following further selection criteria had to be fulfilled: 
Involvement of adult patients (age > 18 years); involvement of patients with HCC confirmed by pathology and/or 
surgery and/or overall analysis combined with medical history, clinical symptoms, and imaging data; presence of 
information about MRI protocol. Moreover, studies were excluded if they performed analyses on mixed patients (e.g., 
groups of patients with multiple hepatic malignant diseases) that did not allow conclusions to be drawn only about HCC 
patients; if they did not evaluate an outcome measure; if they were focused only on semantic imaging features 
(radiologist-dependent). After selecting the studies that met the inclusion and exclusion criteria, reference lists of these 
studies were also searched in order to recruit any potential eligible studies. In addition, pre-existing reviews/systematic 
reviews/meta-analyses were also searched in order to recruit any other potentially eligible studies from their reference 
lists.

Planning and conducting the review
After the above-mentioned selection procedure, selected articles were analysed by two reviewers, and data useful for 
conducting the systematic review were collected in a predesigned sheet. Extracted data will include the following: first 
author name, publication year, Journal name, scientometric indexes [impact factor (IF), 5-years IF, CiteScore, H-index, 
first author IF with and without self-citations], study design, in particular prospective/retrospective, clinical purpose, 
specific output measured in the study, number and type of patients, imaging modalities used for radiomic feature 
extraction, information on region of interest (ROI)/volume of interest (VOI) placement (segmentation technique and 
ROI/VOI type), software used for radiomic feature extraction, number and features type, feature selection methods (if 
used), classification methods, information on if models were applied to a separate dataset, highest accuracy/most 
important results and main findings.

This systematic review was conducted according to the PRISMA statement[26].

Quality assessment with RQS
The methodological quality of each radiomics study was assessed by two reviewers using the RQS tool[2]. The 
assessment was performed independently, and any disagreement was resolved by consensus. RQS tool is composed of 16 
items structured to assess various crucial steps in the workflow of radiomics analyses (see Supplementary Table 1). In 
particular, a maximum of 36 points can be assigned to each study: up to 2 points for the first RQS checkpoint (a single 
item, namely “Image protocol quality”), up to 3 points for the second RQS checkpoint (3 items, specifically on multiple 
segmentation strategies, the use of phantoms and multiple imaging time points) and up to 31 points for the third RQS 
checkpoint (12 items, encompassing feature extraction, exploratory analysis design as well as model building and 
validation). The total score ranges between −8 and 36 and can be translated into a final 0–100 RQS percentage, with −8 to 

https://f6publishing.blob.core.windows.net/06e8d16c-8045-4828-a7bc-161d1951755c/WJG-30-381-supplementary-material.pdf
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0 defined as 0%, indicating the lowest quality, and 36 as 100%, indicating the highest quality in terms of the methodology 
and reporting standards of the radiomics study[2].

Correlation analysis between RQS and journal metrics
Spearman’s correlation (ρ) analysis was performed to explore if there was a correlation between RQS and journal metrics, 
comprising IF of the journal at the year of publication, 5-year IF, CiteScore, and H-index at the year of publication. 
Additionally, Spearman’s correlation was used to explore the correlation between RQS and H-index of the first author at 
the year of publication of the study (both with and without self-citations), time of publication (calculated as time between 
the publication date and the date of last literature research, in months), as well as the association with the number of 
patients involved and the number of radiomic features extracted in the study. Finally, to explore if there was a difference 
in RQS according to clinical purpose of the study, a subgroup analysis using Kruskal-Wallis H test was performed. In 
case of significance, Wilcoxon rank-sum post hoc tests with Bonferroni correction were carried out on each pair of groups. 
The significance level was set at 0.05. All statistical analysis was performed using SPSS (version 27).

RESULTS
Study selection
A total of 537 articles were identified from scientific electronic scientific databases. Only 211 articles were retained after 
the removal of duplicates.

We reviewed the titles and abstracts of these records, excluding 59 due to non-compliance with inclusion criteria (29 
unrelated to the topic, 16 were reviews, 5 conducted analyses on mixed patients, and 9 did not assess an outcome 
measure). The full text of 149 articles was assessed, leading to the exclusion of 16 off-topic articles. Additionally, four 
studies were excluded for not evaluating an outcome measure, and two for analyzing mixed patients. Thirteen more 
articles were found through references in selected articles or existing reviews/systematic reviews/meta-analyses, and 
seven of these were incorporated into the review. A total of 127 data sets were included in the review. Figure 1 shows the 
PRISMA flow diagram of the included studies based on the inclusion and exclusion criteria.

Characteristics of included studies
The details regarding the characteristics of the 127 studies chosen for this review are presented in Table 1. Approximately 
half of these studies (51 out of 127) were published in the last two years, and only 9 studies deviated from a retrospective 
design. Most of the selected studies (43 out of 127) explored radiomic approaches for HCC prognosis after surgical, 
radiofrequency ablation and/or trans-arterial chemo embolization treatment. Forty studies investigated the ability of 
radiomics in predicting pathological findings [e.g., microvascular invasion (MVI), vessels encapsulating tumor clusters, 
histologic grade], of which 27 aimed at investigating the performance of radiomics analysis for MVI prediction. Sixteen 
studies aimed at exploring if MRI radiomics could infer the expression of molecular markers (e.g., CK19, Ki67, GPC3) 
outcomes. Among the remaining studies, 24/127 aimed to evaluate the power of radiomics for distinguishing HCC from 
other solid hepatic lesions, while 11 had multiple aims.

The number of total included patients was 18.949, with a sample size varying from 17 to 602 patients (median: 309.5). 
Most studies (96 out of 127) explored more than one phase/sequence to perform radiomic analysis. Most studies (106 out 
of 127) performed 3D segmentation. In 114 of them, segmentation was manually performed, while in the remaining 
studies was used a semiautomatic (12 studies) or automatic (2 study) segmentation approach. Concerning software used 
for feature extraction, PyRadiomics was the most popular (used in 42 out of 127 studies), followed by AK software (used 
in 23 out of 127 studies) and Matlab (used in 19 out of 127studies). The number of radiomics features extracted from each 
phase/sequence ranged from 3 to 3144 (mean: 68 ± 206). Shape features were extracted in 55 out of 127 studies, first-order 
features in all but three studies, textural features in 82/127 studies, and features from filtered images (e.g., wavelet, 
Laplacian of gaussian) in 34 out of 127 studies. Concerning feature selection algorithms, the Least Absolute Shrinkage and 
Selection Operator regression was the most widely used (used in 55 out of 127 studies). Other frequently used algorithms 
for feature selection were intra-class correlation coefficient (used in 25 studies), correlation (used in 12 studies) and 
minimum redundancy maximum relevancy (used in 9 studies). The performance metrics of the studies, when present, 
corresponded to accuracy in 9 out of 127 studies, area under the receiver operating characteristic curve (AUC) in 99 out of 
127 studies and to C-index in 12 out of 127 studies. Most studies involved machine learning techniques for radiomic 
analysis, of which 51 splitted the subjects into training and test cohort to test the prediction models performance. Further 
details on these characteristics can be found in Table 1 and Supplementary Table 2.

Quality assessment with RQS
Supplementary Table 3 provides the RQS details of all included studies. The average total RQS score was 8 ± 6.22, corres-
ponding to a percentage of 24.15% ± 15.25%, with a range from 0.0% to 58.33% (Figure 2). Concerning the first RQS 
checkpoint, nearly all studies, excluding ten, provided thorough documentation of the imaging protocol, yet none 
achieved the maximum points for utilizing a public protocol. In relation to the second RQS checkpoint (items 2 to 4), a 
majority of studies (84.25%, 107 out of 127) employed multiple segmentation, mainly by different radiologists, but none of 
the articles met the requirement for 'imaging at multiple time points' and only one article met the requirement for a 
'phantom study'.  With respect to the third RQS checkpoint (items 5 to 16), feature reduction techniques were applied in 
all but 15 studies (88.28%). Multivariable analysis with non-radiomics features was performed in 85 studies (66.92%) of 

https://f6publishing.blob.core.windows.net/06e8d16c-8045-4828-a7bc-161d1951755c/WJG-30-381-supplementary-material.pdf
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Table 1 Characteristics of included studies

Ref. ST CP Specific 
outcome NP (type)

Modalities 
used for 
feature 
extraction

Seg
Software used 
for feature 
extraction

Features number 
(type) FS CM

Model 
applied to 
a 
separate 
dataset?

Most important 
result Main findings

Liu et al
[42], 2023

R PPF MVI 104 (HCC) T2WI M, 3D AK SOFTWARE 851 (first order, 
shape, GLCM, 
GLSZM, GLRLM, 
NGTDM, and 
GLDM)

LASSO, LR LR Yes AUC = 0.867 in the 
TS, 0.820 in the VS

A prediction model 
using radiomic 
features from single 
T2WI can predict MVI 
in HCC

Wang et al
[43], 2023

R PR LRT 100 (HCC) AP, PVP, 
T2WI

M, 3D 3D SLICER 851 (first-order, 
shape, GLCM, 
GLDM, GLSZM, 
GLRLM, NGTDM 
and wavelet)

t-test/Mann 
Whitney, LASSO

ROC Yes AUC = 0.867 MRI-based radiomics 
analysis may serve as 
a promising and 
noninvasive tool to 
predict outcome of 
locoregional treatment 
in HCC patients

Gong  et al
[44], 2023

R MC PD-1/PD-L1 108 (HCC) T2WI FS, AP, 
PVP

M, 3D NS 352 (GLCM, 
GLRLM, intensity 
histogram, and 
shape)

ICC, t-test/ MANN 
WHYTNEY, LASSO

LR Yes AUC = 0.946 in the 
TS and 0.815 in the 
VS

A radiomics model 
based on 
multisequence MRI 
has the potential to 
predict the 
preoperative 
expression of PD-1 
and PD-L1 in HCC

Zhang et al
[45], 2023

R MC CK 19+/-HCC 311 (HCC) T1WI, T2WI, 
DWI, AP, 
VP, and DP

M, 3D uRP 2286 (first order, 
wavelet)

ICC, LASSO LR Yes in the TS (C-index, 
0.914), internal (C-
index, 0.855), and 
external VS (C-
index, 0.795)

The combined model 
based on clinic-
radiological radiomics 
features can be used 
for predicting CK19+ 
HCC preoperatively

Zhang et al
[46], 2023

R PPF MTM HCC 232 (HCC) DCE-MRI M, 3D Pyradiomics 1037 (first order, 
shape GLRLM, 
GLSZM, NGTDM, 
GLCM, GLDM LoG 
and wavelet)

ICC, GBDT LR, KNN, Naive-
Bayes, Decision 
Tree, SVM

Yes AUCs of 0.896 and 
0.805 in the TS e VS

The nomogram 
containing radiomics, 
age, alpha-fetoprotein, 
tumour size, and 
tumour-to-liver ADC 
ratio revealed 
excellent predictive 
ability in preoper-
atively identifying the 
MTM-HCC Subtype

The DLR model 
provides a 
noninvasive method 

Dong  et al
[47], 2024

R D, PR VETC 221 (HCC) DCE-MRI M, 3D Pyradiomics 1218 (FIRST 
ORDER)

ICC LR, decision tree, 
RF, SVM, KNN, 
and Bayes

Yes AUC = 0.844
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to discriminate VETC 
status and prognosis 
of HCC patients 
preoperatively

Tabari et al
[48], 2023

R PPF Pre-ablation 
tumor radiomics

97 (HCC) AP, DCE-
MRI

M, 3D NS 112 first-order, 
(GLCM, GLDM, 
GLRLM, GLSZM, 
NGTDM)

mRMR RF Yes AUC = 0.83 Pre-ablation MRI 
radiomics could act as 
a valuable imaging 
biomarker for the 
prediction of tumor 
pathologic response in 
patients with HCC

Cao et al
[49], 2023

R PR RFS 249 (HCC) T2WI FS, 
T1WI FS, 
DCE-MRI

M, 3D Pyradiomics NS (first-order, 
shape, and texture, 
wavelet, Laplacian)

LASSO Cox regression Yes C-index = 0.893 TS, 
0.851 (test set), 
0.797 (external)

The combined 
radiomic model 
provides superior 
ability to discern the 
possibility of 
recurrence-free 
survival in HCC over 
the total radiomic and 
the 
clinical–radiological 
models

İnce et al
[50], 2023

R PPF TARE 82 (HCC) DCE-MRI S, 3D Pyradiomics 1128 (first-order, 
GLCM, GLDM, 
GLRLM, GLSZM, 
and NGTDM)

ICC, PCA, SFS SVM, LR, RM, 
LightGBM

No AUC = 0.94 Machine 
learning–based 
clinicoradiomic 
models demonstrated 
potential to predict 
response to TARE

Chen et al
[51], 2023

R PR TACE 144 (HCC) T2WI, AP, 
PVP, DP

M, 3D Pyradiomics 110 (NS) mRMR, LASSO, 
DNN

SVM, LR Yes AUC = 0.974 DNN model performs 
better than other 
classifiers in 
predicting TACE 
response. Integrating 
with clinically 
significant factors, the 
CD model may be 
valuable in pre-
treatment counseling 
of HCC patients who 
may benefit the most 
from TACE 
intervention

The multiparametric 
MRI-based radiomics 
nomogram is a 
promising tool for the 
preoperative 
diagnosis of 
peritumoral MVI in 

Jiang et al
[52], 2023

R PPF MVI 102 (HCC) T1_in, T1_A, 
T2W, DWI

M, 3D Pyradiomics 1967 (first-order, 
shapes, textures, 
GLCM, GLSZM, 
GLDM, GLRLM, 
and filter-
transformed)

LASSO ULR Yes AUC = 0.901, 0.923 
for TS and VS
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HCCs

Hu et al
[53], 2023

R D, 
MC

CK19+ 110 (HCC) AP, VP, HBP M, 3D PyRadiomics 1130 (shape, first 
order, GLCOM, 
GLRLM, GLSZ, 
GLDM)

ICC RFE No AUC = 0.92 The established 
radiomics signature 
based on preoperative 
gadoxetic acid-
enhanced MRI could 
be an accurate and 
potential imaging 
biomarker for HCC 
CK19 (+) prediction

Chong et al
[54], 2023

R MC, 
PR

Glypican 3-
Positive HCC

259 (HCC) T2WI, DWI, 
PRE, AP, 
PVP, TP and 
HBP

M, 3D PyRadiomics 749 (first order 
statistics, shape and 
size) and textural 
property types 
(GLSZM, GLCM, 
GLDM, GLRLM, 
and NGTDM)

Test-retest 
procedure, ICC, 
LASSO, RF, SVM

LR, RF, SVM Yes AUC = 0.943 vs 
0.931 TS and VS 
respectively

Preoperative EOB-
MRI radiomics-based 
nomogram 
satisfactorily distin-
guished GPC3 status 
and outcomes of 
solitary HCC 5 cm

Hu et al
[55], 2023

R D, 
PPF

Functional liver 
reserve

403 (HCC) DCE MRI M, 3D Pyradiomics 851 (shape, first-
order GLCM, 
GLRLM, GLSZ, 
GLDM, NGTDM, 
wavelet)

ICC, Spearman’s 
correlation

LR, SVM No AUC = 0.71 A radiomics model 
based on gadoxetic 
acid-enhanced MRI 
was constructed in 
this study to 
discriminate HCC 
with different 
histopathologic grades

Tao Y et al
[56], 2023

R MC PD-L2 108 (HCC) T2WI, AP, 
PV

M, 3D R 1130 ICC, LASSO ROC No AUC = 0.871 Prediction based on 
the radiomic charac-
teristics of MRI could 
noninvasively predict 
the expression of PD-
L2 in HCC

Yang et al
[57], 2022

R PR ER 181 (HCC) T1WI, T2WI M, 3D LIFEx 34 (Histogram, 
Shape)

LASSO ROC Yes AUC = 0.79 The model for early 
recurrence of HCC 
after ablation based on 
the clinical, imaging, 
and radiomics 
features presented 
good predictive 
performance

Liu et al
[58], 2023

R PPF MVI 161 (HCC) AP, PVP, DP M, 3D 3D Slicer, 
Pyradiomics

321 (shape, first-
order histogram, 
GLCM, GLDM, 
GLRLM, GLSZM, 
NGTDM)

LASSO, ICC LR Yes AUC = 0.87 The nomogram model 
can effectively predict 
MVI in patients with 
HCC

Depending on the 
clinicoradiological 
factors and 

Zhang et al
[59], 2022

R PPF MVI 189 (HCC) HBP M, 3D IBEX 
SOFTWARE

1768 LASSO, ICC nomogram Yes AUC = 0.884
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radiological features, 
nomograms can 
effectively predict 
MVI status in HCC 
patients

Sim et al
[60], 2022

R PPF MVI 50 (HCC) T1 AP, 
T1PVP

M, 2D MaZda 290 (area, histogram, 
gradient, GLCM, 
GLRLM, autore-
gressive, and 
wavelet)

Mutual Information, 
recursive pruning

SVM No Accuracy = 0.878 Texture analysis of 
tumours on pre-
operative MRI can 
predict presence of 
MVI in HCC

Zhang et al
[61], 2022

R PR RFA, ER 90 (HCC) T1WI, T2WI, 
CE-MRI

M, 2D AK Software 1316 (first-order 
histogram, shape, 
texture, GLCM, 
GLRLM, GLSZM, 
NGTDM, GLDM, 
and local binary 
pattern, high-order, 
and wavelet)

ANOVA RF, LASSO Yes AUC of 0.822 in 
the TS and 0.812 in 
the VS

The multi-parametric 
MRI-based radiomics 
nomogram has a high 
predictive value for 
ER of small HCC after 
RFA

Zhao et al
[62], 2023

R PR HAIC 112 (HCC) T2WI M, 3D AK software 396 (histogram, form 
factor, texture, 
GLZSM, GLCM, 
GLRLM, and 
Haralick)

LASSO ROC Yes Accuracy = 0.81 The nomogram based 
on the combined 
model consisting of 
MRI radiomics and 
ALBI score could be 
used as a biomarker to 
predict the therapeutic 
response of 
unresectable HCC 
after HAIC

Lu et al
[63], 2022

R PPF MVI 165 (HCC) T2WI, DWI 
(b = 800 
s/mm2), 
T1WI, AP, 
PP, TP, and 
HBP

M, 3D Pyradiomics 1227 (shape, first-
order, texture, 
GLSZM, GLRLM, 
GLCM, NGTDM, 
and GLDM)

LASSO multivariate LR Yes AUC = 0.826 The combined model 
based on radiomics 
features of Gd-EOB-
DTPA enhanced MRI, 
tumour margin, and 
peritumoural hypoin-
tensity was valuable 
for predicting HCC 
MVI

Yang et al
[64], 2022

R PPF MVI 110 (HCC) DCE-MRI M, 3D A.K. Software 11 (Grey Histogram, 
GLCM)

NO ROC No AUC = 0.797 The combination of 
MR image features 
and texture analysis 
may improve the 
efficiency in 
prediction of MVI

The addition of 
radiomics-based 
texture analysis 
improved HCC 
grading over that of 

Ameli et al
[65], 2022

R D Degree of tumor 
differentiation

129 (HCC) ADC, VE 
MAPS

S, 3D MATLAB R2017B 95 (global, 
histogram, GLCM, 
GLRLM, GLSZM, 
NGTDM)

multi-class classi-
fication algorithm

RF Yes AUC = 0.832
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ADC or venous 
enhancement values 
alone

Li et al[66], 
2022

R PR ER 302 (HCC) T2WI, DWI 
(800 s/mm2), 
AP, and PVP

M, 3D Pyradiomics 853 (shape, first 
order, texture, and 
wavelet)

SPSS, LASSO, ICC ROC Yes AUCs of 0.91 and 
0.87 in the TS and 
VS

The proposed 
predictive model 
incorporating clinico-
radiological factors 
and the fusion 
radiomics signature 
derived from 
multiparametric MR 
images may be an 
effective tool for the 
individualized 
prediction of 
postoperative ER in 
patients with HCC

Zeng et al
[67], 2022

R PPF BETA-
CATENIN 
MUTATION

98 (HCC) AP, PVP, DP, 
HBP

M, 3D Pyradiomics 1674 (first order, 
GLCOM, GLSZM, 
GLRLM, GLDM)

T-test, fisher's exact 
test

LSVC Yes AUC = 0.86 The RHBP radiomics 
model may be used as 
an effective model 
indicative of HCCs 
with b-catenin 
mutation preoper-
atively

Aujay et al
[68], 2022

R PR TARE 22 (HCC) AP, PVP M, 3D Pyradiomics 107 (Shape, first- 
and second- order)

Mann-Whitney U 
test

LR No AUC = 0.92 Radiomics could aid 
in the prediction of 
early treatment 
response following 
TARE in patients with 
HCC

Chen et al
[69], 2022

R PPF MVI 415 (HCC) T1WI, T2WI, 
DWI, AP, 
PVP, HBP

M, 3D R 1409 (First order, 
shape, two order 
texture, Laplacian, 
wavelet, 
logarithmic, and 
exponential filters)

LASSO SVM, XGBoost, RF, 
LR

Yes AUC = 0.979 Machine learning with 
an LR classifier 
yielded the best 
radiomics score for 
HBP and DWI. The 
radiomics nomogram 
developed as a 
noninvasive 
preoperative 
prediction method 
showed favorable 
predictive accuracy 
for evaluating MVI in 
sHCC

MRI radiomics models 
may be useful for 
discriminating 
DPHCC from non-
DPHCC before 

Wu et al
[70], 2023

R D DP-HCC 179 (DPHCC, 
non DPHCC)

DCE-MRI M, 3D PyRadiomics 1781 (first-order 
statistics, shape, and 
texture)

PCC, RFE SVM, LR, LR-
LASSO

Yes AUC = 0.908
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surgery

Li et al[71], 
2022

R PPF MVI 113 (HCC) T2WI, T1WI, 
DCE MRI

M, 2D MaZda 101 (histogram, 
GLCOM, GLRLM)

t-test, Mann-
whitney U test

ROC No AUC = 0.939 Noninvasive MRI 
radiomic model based 
on MDF values and 
imaging biomarkers 
may be useful to make 
preoperative 
prediction of MVI in 
patients with primary 
HCC

Wang et al
[72], 2022

R PR ER 190 (HCC) T2WI, T2WI 
FS, DCE MRI

M, 3D PyRadiomics 1316 (first-order 
histogram, texture, 
shape, GLZSM, 
GLRLM, GLCM, 
GLDM, and 
NGTDM, wavelet, 
local binary pattern, 
and Laplacian of 
Gaussian)

ICC, LASSO LASSO, ICC, LR Yes AUC = 0.90 The predictive model 
incorporated the 
clinical–radiological 
risk factors and 
radiomics features 
that could adequately 
predict the individu-
alized ER risk in 
patients with solitary 
HCC ≤ 5 cm

Zhang et al
[73], 2023

P PPF MVI 602 (HCC) T1WI, T2WI, 
AP, VP, HBP 
and ADC

M, 3D Radcloud 
platform

1409 (First order, 
second order, shape, 
texture)

LASSO LR, RF, SVM Yes AUC = 0.824 E 
0.821 in the TS and 
VS

The combination of 
clinicoradiological 
factors and fusion 
radiomics signature of 
AP and VP images 
based on Gd-EOB-
DTPA-enhanced MRI 
can effectively predict 
MVI

Brancato et 
al[74], 2022

R PPF IABR 38 (HCC) T2WI, DCE-
MRI

M, 3D Pyradiomics 386 (shape, first-
order, and texture)

correlation filter, 
Wilcoxon-rank sum 
test, MI

LR No AUC = 0.96 Radiomics MRI based 
on T2 and DCE-MRI 
revealed promising 
results concerning 
both HCC detection 
and grading

Fan et al
[75], 2022

R PR VEGF 202 (HCC) AP, PV, 
HBP, BP, DP

M, 3D PyRadiomics 1906 (first order, 
shape)

ICC, ANOVA LR Yes AUC = 0.892 in the 
TS, 0.800 in the VS

The combined model 
acquired from Gd-
EOB-DTPA enhanced 
MRI could be 
considered as a 
credible prognostic 
marker for the level of 
VEGF in HCC

The fusion model of 
multi-region 
radiomics achieves an 
enhanced prediction 
of the individualized 

Gao et al
[76], 2022

R PPF MVI 115 (HCC) T2WI, T1WI, 
AP, PVP, DP, 
and HBP

M, 3D Pyradiomics 107 (shape, first-
order, and textural)

LR, SVC, RFC, and 
AdaBoost

LR Yes AUCs of 0.866 in 
the TS and 0.855 in 
the VS
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risk estimation of MVI 
in HCC patients

Hu et al
[77], 2022

R PPF MVI 501 (HCC) T1WI, AP, 
PVP, HBP

M, 3D Pyradiomics 2600 (first order, 
shape, GLCM, 
GLRLM, GLSZM, 
GLDM and 
NGTDM)

LASSO ROC Yes AUC = 0.962 The radiomics 
signatures of the dual 
regions for tumor and 
peritumor on AP and 
PVP images are of 
significance to predict 
MVI

He et al
[78], 2022

R PR DFS, OS 103 (HCC) DCE MRI M, 2D AK software 1217 (First order, 
Morphological, 
GLCM, GLRLM, 
GLSZM, GLDM, 
LOG)

ICC, Lasso, cox 
regression

LASSO Yes AUC = 0.884 Multimodal radiomics 
models can serve as 
effective visual tools 
for predicting 
prognosis in patients 
with liver cancer

Ren et al
[79], 2023

R PR HCC grade 270 (HCC) T2WI M, 3D Pyradiomics 1197 (first-order and 
shape, GLCM, 
GLRLM, GLRM, and 
spatial gray scale 
corre-lation matrix)

MIC, Spearman’s 
correlation, LR

LR Yes AUC = 0.864 The clinical–radiomics 
model integrating 
radiomics features 
and clinical factors can 
improve recurrence 
predictions beyond 
predictions made 
using clinical factors 
or radiomics features 
alone

Luo et al
[80], 2022

R PR TACE 61 (HCC) T1WI, T1WI 
AP, T1WI 
PP, T2WI, 
DWI (b = 
800), ADC

M, 3D Pyradiomics 1782 (shape, GLCM, 
GLRLM, GLSZM, 
NGTDM)

RF, single cox 
regression

ROC No AUC = 0.71 Radiomic signatures 
derived from 
pretreatment MRIs 
could predict response 
to combined 
Lenvatinib and TACE 
therapy. Furthermore, 
it can increase the 
accuracy of a 
combined model for 
predicting disease 
progression

Wang et al
[81], 2022

R PPF MVI 113 (HCC) AP M, 3D MATLAB 12 (first order) NO Mann-Whitney U 
test, LR

No AUC = 0.741 Peritumoral AP 
enhanced degree on 
MRI showed an 
encouraging 
predictive 
performance for 
preoperative 
prediction of MVI

Prediction models 
consisting of clinical 
parameters and Gd-

Mao et al
[82], 2022

R PPF HCC GRADE 122 (HCC) T2WI (AP, 
HBP phases)

M, 3D Image Analyzer 121 (histogram, 
shape, texture, 
GLRLM and GLCM)

ICC ANN, LR Yes AUC = 0.889
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EOB-DTPA-enhanced 
MRI radiomic features 
could distinguish 
between high-grade 
HCCs and low-grade 
HCCs

Anderson 
et al[83], 
2023

P PR IVIM 17 (HCC) DWI-MRI M, 2D Matlab 3 (10th, 50th, and 90th 
percentiles)

NO Wilcoxon signed-
rank test

No NS DW-MRI with IVIM 
and histogram 
analysis revealed 
significant reductions 
of D* early after 
treatment as well as 
an association 
between D at baseline 
and smaller tumor 
growth at three 
months

Li et al[84], 
2022

R PPF SEV, MVI 43 (HCC) DWI, DCE-
MRI

M, 2D Matlab, SPSS, 
Medcalc

8 (Histogram) NO ROC No AUC = 0.863 Histogram parameters 
DDC and ADC, but 
not the α value, are 
useful predictors of 
MVI. The fifth 
percentile of DDC was 
the most useful value 
to predict MVI of 
HCC

Li et al[85], 
2022

R PPF MVI 301 (HCC) T1WI, T2WI M, 3D MITK 
SOFTWARE

328 (first-order, 
GLCM, GLRLM, 
form factor)

LASSO, ANOVA, 
MANN-WHITNEY 
TEST

LASSO Yes AUC = 0.914 The preoperative 
MRI-based radiomic-
clinical model 
predicted the MVI of 
HCC effectively and 
was more efficient 
compared with the 
radiomic model or 
clinical model alone

Wang et al
[86], 2022

R D DD (cCC-HCC, 
HCC, CC)

196 (33 cHCC-
CC, 88 HCC 
and 75 CC)

DCE (ART, 
PVP, DP)

M; 3D Pyradiomics 1316 (shape, first-
order, texture -
GLCM, GLSZM, 
GLRLM, GLDM, 
NGTDM- from 
original, LoG and 
wavelet filtered 
images)

MI, F-test, Chi2-test, 
LASSO

SVM No AUC = 0.91 The classification 
ability of cHCC-CC, 
HCC and CC can be 
further improved by 
extracting MRI high- 
order features and 
using a two-level 
feature selection 
method

851 (shape, first-
order, texture-
GLCM, GLSZM, 
GLRLM, GLDM, 
NGTDM-, wavelet-

Radiomics: AUC = 
0.896 (TS), 0.788 
(VS); Radiomics + 
clinical: AUC = 
0.932 (TS), 0.917 

The preoperative 
nomogram integrating 
clinicoradiological risk 
factors and the MR 
radiomics signature 

Yang et al
[87], 2021

R PPF MVI 201 (HCC) DCE (Pre-
T1WI, AP, 
PVP, DP and 
HBP)

S; 3D AK software mRMR, LASSO ROC; LR Yes
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transformed) (VS) showed favourable 
predictive efficiency 
for predicting MVI

Lv et al[88], 
2021

R PR AIR of RFA-
treated HCC

58 (HCC) DCE S; 3D AK software 396 (histogram, 
GLCM, GRLM, 
GLSZM, formfactor)

LASSO LASSO, ROC Yes AUC = 0.941 and 
0.818 in the TS and 
VS

The predictive 
nomogram integrated 
with clinical factors 
and CE-T1WI -based 
radiomics signature 
could accurately 
predict the occurrence 
of AIR after RFA

Yu et al
[89], 2022

R PPF, 
PR

VECT, PFS in 
VETC + and 
VETC-patients

182 (HCC) HBP M; 3D Pyradiomics 1316 (shape, first-
order, texture-
GLCM, GLRLM, 
GLSZM, GLDM, 
NGTDM-)

LASSO Multivariate LR; 
forest, SVM; DT

Yes AUC = 0.972 
(peritumoral 
radiomics model), 
AUC = 0.91 (intrat-
umoral model)

The intratumoral or 
peritumoral radiomics 
model may be useful 
in predicting VETC 
and patient prognosis 
preoperatively. The 
peritumoral radiomics 
model may yield an 
incremental value 
over intratumoral 
model

Fang et al
[90], 2021

R PR PFS of TACE + 
RFA treated 
HCC

113 (HCC) DCE (HAP, 
PVP, SPP, 
and DP)

S; 3D AK software 396 (histogram, 
GLCM, GLSZM 
GRLM)

LASSO Cox regression; 
ROC

Yes C-index radiomics: 
0.646 and 0.669 in 
TS and VS; C-index 
combined model: 
0.772 and 0.821 in 
TS and VS

A nomogram 
combining radiomics 
and clinical factors 
predicted the PFS of 
intermediate and 
advanced HCC 
treated with TACE 
plus RFA

Yang et al
[91], 2021

R MC CK19+ HCC 257 (HCC) T2WI; DWI M; 3D MATLAB 968 (shape, first-
order, texture-
GLCM, GLRLM, 
GLSZM, NGTDM-, 
wavelet)

Univariate analysis, 
mRMR

Multiple LR; SVM; 
RF; ANN

Yes ANN-model: 
AUROCs = 0.857, 
0.726, and 0.790 in 
the TS and VS A 
and B

The combined model 
based on mpMRI-
radiomics accurately 
classify CK19+ HCC

Chen et al
[92], 2021

R MC CK19+ HCC 141 (HCC) HBP S; 3D Python (U-Net) 1024 (Deep 
semantic)

grid search GBDT Yes AUC = 0.820 and 
0.781 in TS and VS

DCE-MRI-based 
radiomics DLR model 
can preoperatively 
predict CK19-positive 
HCCs

Horvat et al
[93], 2021

R PR Sustained 
complete 
response in RFA-
treated HCC

34 (HCC) DCE (AP and 
EP)

M; 3D Pyradiomics 107 (shape, first-
order, texture-
GLDM, NGTDM, 
GLSZM, GLCM-)

NO ROC No AUC > 0.7 Second-order features 
extracted from 
equilibrium phase 
obtained highest 
discriminatory 
performance

Alksas et al DD (types and 95 (38 benign DCE (Pre- 249 (morphological, Wrapper approach, RF; SVM; NB, The identified R D M; 3D NS No Accuracy = 0.88
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[94], 2021 grades of liver 
tumors)

tumors, 19 
intermediate 
tumors, 38 
HCC)

T1WI, LAP, 
PVP, and 
DP)

functional, first-
order, texture-
GLCM, GLRLM-)

and Gini impurity-
based selection

KNN; LDA imaging markers and 
CAD system can early 
and accurately detect 
and grade liver cancer

Chong et al
[95], 2021

R PR 2 yr RFS after 
hepatectomy

23 (HCC) DCE (AP, 
PVP, TP, 
HBP)

M; 3D Pyradiomics 2950 (shape, first-
order, texture-
GLCM, GLRLM, 
GLSZM, GLDM, 
NGTDM- from 
original and filtered 
images -Wavelets, 
Gaussian, Laplacian 
Sharpening-)

Inter-correlation, 
LASSO

LR, RF, SVM Yes AUC = 0.93 and 
0.84 in TS and VS

DCE-MRI-based 
peritumoral dilation 
radiomics is a 
potential preoperative 
biomarker for early 
recurrence of HCC 
patients without MVI

Ding et al
[96], 2021

R D DD (HCC vs 
FNH)

224 (149 HCC, 
75 FNH)

AP and PVP M; 3D Pyradiomics 2260 (shape, first-
order, texture -
GLDM, GLCM, 
GLRLM, GLSZM, 
NGTDM-, from 
original LoG and 
wavelet filtered 
images)

mRMR, RF, 
correlation, LASSO

LR Yes AUC combined 
model = 0.984 and 
0.972 in TS and VS

The combined model 
can differentiate HCC 
from FNH in non-
cirrhotic liver with 
higher accuracy than 
the clinical model

Fan et al
[97], 2021

R MC Ki67+ HCC 51 (HCC) DCE (AP, 
PVP, HPB); 
T2WI

M; 3D Pyradiomics 1300 (shape, first-
order, texture -
GLCM, GLSZM, 
GLRLM, GLDM, 
NGTDM- from 
original, LoG and 
wavelet filtered 
images)

LASSO LR Yes Combined model: 
AUC = 0.922 (TS) 
and 0.863 (VS)

Combined AP-Rad-
score-serum AFP 
model can preoper-
atively predict Ki-67 
expression in HCC 
and outperforms AP-
based radiomics 
model

Gao et al
[98], 2021

R PPF MVI 225 (HCC) T2WI M; 3D Matlab, SE-
DenseNet

180 low level 
(intensity, shape, 
GLCM, GLRLM) + 
high-level semantic 
with CNN

LASSO LR, KNN, RF, 
SVM, CNNs

Yes AUC = 0.826 The proposed 
ensemble learning 
algorithm is proved to 
be an effective method 
for MVI prediction

Li et al[99], 
2022

R MC GOLM1, SETD7, 
and RND1 
expression levels

92 (HCC) T2WI M; 2D MATLAB 307 (first-order 
statistics, GLCM, 
GLRLM, GLSZM, 
NGTDM), with five, 
LBP, fractal analysis, 
shape metrics, FOS, 
variance, power)

Correlation, 
RELIEFF

SVM Yes r = 0.67 MRI radiomics 
features could help 
quantify GOLM1, 
SETD7, and RND1 
expression levels and 
predict the recurrence 
risk for early-stage 
HCC patients

Radiomics analysis of 
Gd-EOB-DTPA 
enhanced hepatic MRI 
can be used for 
assessment of 
functional liver 

Shi et al
[100], 2022

R PR Functional liver 
reserve

60 (HCC) HBP M; 3D QTIELAB 165 (shape, 
histogram, texture-
GLCM, GLRLM, 
GLZSM-)

Boruta algorithm RF No AUC = 0.90, 0.95, 
0.99 for ICG R15 < 
10%, < 15%, and < 
20%
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reserve in HCC 
patients

Dai et al
[101], 2021

R PPF MVI 69 (HCC) DCE (Pre-
T1WI, AP, 
PVP or HBP)

M; 3D Matlab 106 (texture -GLCM, 
GLRLM, GLSZM, 
SGLDM, NGTDM, 
and NGLDS-)

LASSO, SVM-RFE, 
mRMR, LASSO-RFE

GBDT; SVM; LR; 
RF

No AUC = 0.792 for 
HBP model

The radiomics model 
based on the HBP had 
better predictive 
performance than 
those based on the AP, 
PVP, and pre-
enhanced T1W

Fan et al
[102], 2021

R PPF VECT+ HCC 81 (HCC) DCE (AP and 
HBP)

M; 3D Pyradiomics 1316 (first-order, 
texture -GLCM, 
GLSZM, GLRLM, 
GLDM, NGTDM- 
from original, 
wavelet and LoG 
filtered images)

ICC, LASSO ROC; LR No AUC = 0.84 Texture analysis based 
on Gd-EOB-DTPA-
enhanced MRI can 
help identify VETC-
positive HCC

Yang et al
[103], 2021

R PPF Poorly differen-
tiated HCC

188 (HCC) T1WI, T2WI, 
DCE (AP, PP 
and DP)

M; 3D LIFEx 200 (shape, 
histogram, texture -
GLCM, NGLDM, 
GLRLM, GLZLM-)

LASSO LASSO Yes Model1: AUC = 
0.623 and 0.576 in 
TS and VS, while it 
is 0.576 in the 
validation cohort. 
Model2: AUC = 
0.721, and 0.681 in 
TS and VS

The MRI-based 
radiomics signature 
and clinical model can 
distinguish HCC 
patients that belong in 
a low differentiation 
group fromother 
patients

Chen et al
[104], 2021

R PPF MVI 269 (HCC) T2WI; DWI, 
DCE (AP, 
PVP, and 
HBP)

M; 3D Pyradiomics 1395 (first-order, 
GLRLM, GLCM 
from original, 
Laplacian, 
logarithmic, 
exponential, and 
wavelet filtered 
images)

Variance threshold, 
LASSO

KNN SVM, 
XGBoost, RF, LR, 
DT

Yes For HBP model: 
AUC = 0.942 
(SVM), 0.938 
(XGBoost), and 
0.936 (LR)

Radiomics signatures 
with machine learning 
can further improve 
the ability to predict 
MVI and are best 
modeled during HBP

Kong et al
[16], 2021

R PR Response to 
TACE

99 (HCC) T2WI M; 3D AK software 396 (histogram, 
texture-GLSZM, 
GLCM, GLRLM-)

LASSO, correlation ROC Yes AUC = 0.861 and 
0.884 in TS and VS

The radiomics and 
clinical-based 
nomogram can well 
predict TR in 
intermediate-
advanced HCC

Elevated serum AFP 
levels and lower 75th 
percentile ADC values 
were helpful in differ-
entiating GPC3-
positive and GPC3-
negative HCCs. The 
combined nomogram 
achieved satisfactory 
preoperative risk 

Zhao et al
[105], 2021

R MC GPC3 143 (HCC) DCE-MRI, 
DWI

M; 3D MedCalc, R 6 (Histogram) NO Mann-Whitney U 
test

No C-INDEX = 0.804
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prediction of GPC3 
expression in HCC 
patients

Song et al
[106], 2021

R PPF MVI 601 (HCC) T2WI FS; 
DWI; ADC; 
DCE (AP, 
PVP, and 
DP)

M; 3D PyRadiomics 110 (shape, first-
order, texture)

PCA, ANOVA SVM, AE, LDA, 
RF, LR, LASSO, 
AdaBoost, DT, 
Gaussian process, 
NB, DL

Yes DLC model: AUC 
= 0.931 for MVI 
prediction; AUC = 
0.793 for MVI-
grade stratification

DLC model predicts 
and grades MVI better 
than DL model

Zhong et al
[107], 2021

R D DD (small HCC 
3 cm vs benign 
nodules)

150 (112 HCC, 
44 benign 
nodules)

in phase 
sequence; 
T2WI FS; 
ADC

M; 2D MaZda 837 (histogram, 
GLCM, RLM, 
wavelet, absolute 
gradient, autore-
gressive model)

ICC, Mann-
Whitney, LASSO

LR; ROC No AUC = 0.917 MRI-based radiomics 
analysis showed 
additive value to the 
LI-RADS v 2018 
algorithm for differen-
tiating small HCCs 
from benign nodules 
in the cirrhotic liver

Zhao et al
[105], 2021

R MC GPC3 expression 143 (HCC) ADC M;3D MR Multipara-
metric Analysis 
software

6 (histogram) Univariate analysis (
t-test, Mann-
Whitney, Pearson, χ
2, Fisher)

LR No C-index = 0.804 The combined 
nomogram achieved 
satisfactory 
preoperative risk pre-
diction of GPC3 
expression in HCC 
patients

Chen et al
[108], 2021

R PR Post 
hepatectomy 
liver failure

144 (HCC) HBP M; 2D AK software 1,044 (shape, first-
order, texture-
GLSZM, GLCM, 
GLRLM-)

Correlation, RFE LR; ROC; liver 
failure model

Yes AUC = 0.956 and 
0.844 in TS and VS

The LF model is able 
to predict PHLF in 
HCC patients

Liang et al
[109], 2021

R PPF MVD 30 (HCC) DCE M; 2D AK software 376 (histogram, 
texture-GLSZM, 
GLCM, GLRLM-)

Mann-Whitney LR No AUC = 0.83 and 
0.94

DITET model 
provides a better 
indication of the 
microcirculation of 
HCC than SITET

Zhang et al
[110], 2021

R PR RFS of HCC 
patients treated 
with surgical 
resection

153 (HCC) T2WI FS; 
DCE (AP, 
PVP, and 
HBP)

M; 3D Pyradiomics 107 (shape, first-
order, texture -
GLCM, GLSZM, 
GLRLM, GLDM, 
NGTDM-)

LASSO LASSO Cox 
regression

Yes C-index 0.725 The prediction model 
combining MRI 
radiomics signatures 
with clinical factors 
predicts the prognosis 
of surgically resected 
HCC patients

Zhang et al
[111], 2021

R PR RFS after 
curative ablation

132 (HCC) T2WI FS; 
T1WI FS; 
DCE (AP, 
PVP, and 
HBP)

M; 3D Pyradiomics 1316 (shape, first-
order, texture -
GLCM, GLSZM, 
GLRLM, GLDM, 
NGTDM-, LoG, 
wavelet)

RandomForestSRC Cox regression; 
random survival 
forest; ROC

Yes C-index = 0.706 The radiomics model 
combining DCE-MRI 
with clinical character-
istics could predict 
HCC recurrence after 
curative ablation

Zhang et al T2WI FS; 396 (histogram, ANOVA, Mann- AUC = 0.901 and The combined R PPF MVI 195 (HCC) M; 3D AK software Multivariate LR Yes
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[112], 2021 DWI; ADC; 
DCE (AP, 
PP, DP)

GLCM, GLSZM, 
RLM, formfactor, 
haralick)

Whitney U-test, 
correlation, LASSO

0.840 in the TS and 
VS

radiomics-clinical 
model can preoper-
atively and 
noninvasively predict 
MVI in HCC

Zhao et al
[113], 2021

R PR Response to 
TACE

122 (HCC) DCE (AP, 
PVP, and 
DP)

M; 3D AK software 789 
(histogram,GLCM, 
GLRLM, GLZSM, 
Haralick,Gaussian 
transform)

ICC, Spearman's 
correlation, 
univariate LR, 
LASSO

LR; ROC Yes AUC = 0.838 and 
0.833 in TS and VS

The combined model 
(radiomics score + 
clinical-radiological 
risk factors) showed 
better performance 
than the clinical-
radiological model in 
predicting TACE 
efficacy in HCC 
patients

Kuang et al
[114], 2021

R PR Predict short-
term response 
after TACE in 
HCC

153 (HCC) T2WI; DCE 
(AP)

A; 3D AK software 396 (shape, 
histogram, GLSZM, 
GLCM, RLM)

mRMR, LASSO LR Yes AUC = 0.83 and 
0.81 in TS and VS

MRI-based nomogram 
has greater predictive 
efficacy to predict the 
response after TACE 
than radiomics and 
clinics models alone

Meng et al
[115], 2021

R PPF MVI 402 (HCC) T1WI, T2WI, 
DWI, CE-CT

M, 3D Pyradiomics 1288 ICC, MANN-
WHITNEY, LASSO

LR Yes AUC = 0.804 CT and MRI had a 
comparable predictive 
performance for MVI 
in solitary HCC. The 
RS of MRI only 
hadsignificant added 
value for predicting 
MVI in HCC of 2–5 cm

Zhu et al
[116], 2021

R D DD (MTM-HCC 
vs HCC)

88 (32 MTM-
HCCs, 56 Non-
MTM-HCC)

T2WI FS; in-
phase and 
out-of-phase 
sequences; 
DCE (AP, 
PVP, and 
DP)

M; 2D MaZda 101 (histogram, the 
absolute gradient, 
GLRLM, GLCM, 
autoregressive 
model and wavelet 
transform)

Fisher, MI, POE + 
ACC, LASSO

LR; ROC No AUC = 0.785 A DCE-MRI-based 
radiomics nomogram 
can predict MTM-
HCC

Liu et al
[117], 2021

R PR TACE, MWA 102 (HCC) T1WI, T2WI, 
PVP

M, 2D MaZda 20 (First order, 
GLCM)

NS ROC No AUC = 0.876 MR imaging texture 
features may be used 
to predict the 
prognosis of HCC 
treated with TACE 
combined with MWA

854 (shape, first-
order, texture -
GLCM, GLDM, 
GLRLM, NGTDM, 
GLSZLM- from 
original and wavelet 

Preoperative 
radiomics-based 
nomogram using 
random forest is a 
potential biomarker of 
MVI and RFS 

Chong et al
[118], 2021

R PR MVI, RFS after 
curative surgery 
(HCC≤ 5 cm)

356 (HCC) DWI, DCE 
(Pre-T1WI, 
AP, PVP, TP, 
HBP)

M; 3D Pyradiomics LASSO RF; LR Yes AUC = 0.920 with 
RF, 0.879 with LR 
in validation 
cohort
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filtered images) prediction for solitary 
HCC ≤ 5 cm

Gu et al
[119], 2020

R MC GPC3+ HCC 293 (HCC) DCE (DP) M; 3D Pyradiomics 853 (shape, 
histogram, texture -
GLCM, GLSZM, 
GLRLM, GLDM, 
NGTDM-, wavelet)

ICC, Mann-
Whitney, Fisher

LR; SVM Yes AUC = 0.926 and 
0.914 in TS and VS

The combined AFP + 
radiomics nomogram 
may provide an 
effective tool for 
noninvasive and 
individualized 
prediction of GPC3-
positive in HCC 
patients

Zhao et al
[120], 2021

R PR ER after partial 
hepatectomy

113 (HCC) T2WI; in-
phase and 
out-of-phase 
sequences; 
DWI; DCE 
(AP, PVP, 
and DP)

M; 3D AK software 1146 (shape, 
histogram, texture -
GLCM, GLRLM, 
GLSZM-)

Spearman's 
correlation, LASSO, 
stepwise LR

Multivariate LR Yes Radiomics: AUC = 
0.771 in the VS. 
Combined 
nomogram: AUC = 
0.873

A combined 
nomogram 
incorporating the 
mpMRI radiomics 
score and clinicopath-
ologic-radiologic 
characteristics can 
predict ER (≤ 2 yr) in 
HCC

Ai et al
[121], 2020

R D DD (HCC, HH, 
HC)

89 (33 HH, 22 
HC, 34 HCC)

IVIM M; 3D MITK-DI 13 (histogram) Kruskal-Wallis ROC No AUC = 0.883 A multiparametric 
histogram from IVIM 
is an effective means 
of identifying HH, 
HC, and HCC

Shaghaghi 
et al[122], 
2021

R PR Post-TACE OS 
and TFS

104 (HCC) ADC S; 3D NS 3 (mean, skewness, 
and kurtosis)

NO NO No Significant results 
for changes in 
ADC mean and 
Kurtosis

Changes in mean 
ADC and ADC 
kurtosis can be used 
to predict post-TACE 
OS and TFS in well-
circumscribed HCC

Li et al
[123], 2020

R D DD (HCC vs 
HMRC)

75 (41 HCC, 34 
HMRC)

DCE M; 2D OmniKinetic 67 (First order, 
histogram, GLCM, 
Haralick, RLM)

t-test, ROC FDA No AUC = 0.86 
(radiomics + 
pharmacokinetic) 
and 0.89 (DA based 
on radiomics)

A model based on 
DCEMRI radiomics 
and pharmacokinetic 
parameters was useful 
for differentiating 
HCC from HMRC

Geng et al
[124], 2021

R PPF, 
MC

MVI; GRADE; 
CK-7, CK-19, 
GPC3 expression 
status

53 (HCC) SWI M;3D PyRadiomics 107 (first-order, 
shape, GLCM, 
GLRLM, GLSZM, 
NGTDM)

ICC LR No AUC = 0.905 (CK-
19+), 0.837 (CK-
7+), 0.800 (high 
histopathologic 
grade) and 0.760 
(GPC-3+)

Extracting the 
radiomics features 
from SWI images was 
feasible to evaluate 
multiple histo-
pathologic indexes of 
HCC

384 (histogram, 
GLCM, GLSZM, 
RLM, formfactor, 

Parameters 
independently 
associated with OS 

Clinicopathological 
and radiomics 
features are 

Zhang et al
[125], 2020

R PR OS after surgical 
resection

136 (44 MCC, 59 
HCC, 33 
CHCC)

DCE (EP); 
DWI

M; 3D AK software mRMR method and 
the elastic network 
algorithm

Multivariable cox 
regression

No
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haralick) (P < 0.05) independently 
associated with the OS 
of patients with 
primary liver cancer

Zhang et al
[126], 2020

P PR OS after surgical 
resection

120 (HCC) T2WI FS; 
DCE (AP, 
PVP, TP, and 
HBP)

S; 2D AK software 350 (histogram, form 
factor, GLCM, 
GLRLM)

ICC, LASSO LASSO Cox 
regression

Yes C-index = 0.92 Radiomics + clinic-
radiological predictors 
can efficiently aid in 
preoperative HCC 
prognosis prediction 
after surgical resection 
with respect to clinic-
radiological model

Hectors et 
al[127], 
2020

P PR 6- and 12- week 
response to 90 yr

24 (HCC) DCE-MRI, 
IVIM-DWI

M; 3D Matlab 40 DCE MRI 
histogram 
parameters and 20 
IVIM DWI histo-
gram parameters

Stepwise feature 
selection

LR No AUC = 0.92 Diffusion and 
perfusion MRI can be 
combied to evaluate 
the response of HCC 
to radioembolization

Shi et al
[128], 2020

P PPF, 
MC

HCC GRADE, 
KI67+ HCC, 
CAPSULE 
FORMATION+

52 (HCC) IVIM M; 3D ImageJ, Mazda 15 (histogram) t-test LR No AUC = 0.92 
(grading), 0.86 
(Ki67+) and 0.84 
(capsule 
formation)

Multiple prognostic 
factors can be 
accurately predicted 
with assistance of 
histogram metrics 
sourced from a single 
IVIM scan

Feng et al
[129], 2020

R D, 
MC

DD 104 (HCC) Gd-EOB-
DTPA-
enhanced 
MRI and 
T2WI

M, 3D Mazda 262 (Histogram, 
GLCOM, GLRLM, 
WAVELET 
TRANSFORM)

PCA, LDA, NDA, 
RDA

ROC No AUC = 0.879 Texture analysis of 
Gd-EOB-DTPA-
enhanced MRI and 
T2WI was valuable 
and might be a 
promising method in 
identifying the HCC 
grade

Nebbia et al
[130], 2020

R PPF MVI 99 (HCC) T2WI; DCE 
(AP and PP); 
DWI

M; 3D Pyradiomics 100 (shape, first-
order, texture -
GLCM, GLDM, 
GLSZM-)

LASSO SVM; DT; KNN, 
NB

No AUC = 0.867 Information from 
mpMRI sequences is 
complementary in 
identifying MVI

Schobert et 
al[131], 
2020

R PR Response to 
DEB-TACE, PFS

46 (HCC) DCE (HAP, 
PVP, and 
DP)

M; 3D Pyradiomics 14 (shape, first-
order)

Univariate analysis, 
stepwise forward 
selection

LinearRegression; 
Cox regression; 
Kaplan–Meier 
analysis

No High NLR and 
PLR correlated 
with non-spherical 
tumor growth (P = 
0.001 and P < 
0.001)

This study establishes 
the prognostic value 
of quantitative inflam-
matory biomarkers 
associated with 
aggressive 
nonspherical tumor 
growth and predictive 
of poorer tumor 
response and shorter 
PFS after DEB-TACE
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Sun et al
[132], 2020

R PR Early 
progression of 
unresectable 
HCC after TACE

84 (HCC) T2WI; DWI; 
ADC

M; 3D Pyradiomics 1597 (first-order, 
shape, texture -
GLCM, GLRLM, 
GLSZM, NGTDM, 
GLDM-)

Variance threshold, 
Pearson's 
correlation, LASSO

LR Yes AUC = 0.800 mpMRI-based 
radiomic model 
predicts the outcome 
of TACE therapy for 
unresectable HCC 
outperforms 
monomodality 
radiomic models

Wilson et al
[133], 2020

R PPF, 
PR

MVI, OS, DFS 
after surgery

38 (HCC) T2WI; in-
phase and 
out-of-phase 
sequences; 
DCE (HAP, 
and PVP)

M; 2D TexRAD 7 (histogram) NO LR No AUC = 0.83 Tumor entropy and 
mean are both 
associated with MVI. 
Texture analysis on 
preoperative imaging 
correlates with 
microscopic features 
of HCC

Hectors et 
al[134], 
2020

R MC, 
PR

Immuno-
oncological 
markers (CD3, 
CD68, CD31), 
recurrence at 12 
m

48 (HCC) DCE (Pre-
T1WI, AP, 
PVP, LVP, 
and HBP); 
ADC

M; 2D MATLAB 36 (Haralick, 
qualitative and 
quantitative)

NO LR No AUC = 0.76–0.80 MRI radiomics 
features may serve as 
noninvasive 
predictors of HCC 
immuno-oncological 
characteristics and 
tumour recurrence

Wang et al
[135], 2020

R MC CK19+ HCC 227 (HCC) DWI; ADC; 
T2WI; DCE 
(Pre-T1WI, 
AP, PVP, DP, 
and HBP)

M; 3D Pyradiomics 647 (shape, 
histogram, texture, 
wavelet)

ICC, LASSO Logistic model; 
ROC

Yes AUC = 0.95 The combined model 
based on a fusion 
radiomics signature 
derived from AP and 
HBP can be a reliable 
biomarker for CK19 
status of HCC

Wang et al
[136], 2020

R PR 5 yr survival 
after curative 
hepatectomy

201 (HCC) T1WI; T2WI; 
DWI; ADC; 
DCE (AP, 
PVP, and EP)

S; 3D Precision 
Medicine Open 
Platform

3144 (histogram, 
texture, wavelet, 
statistical)

Gini index Random Forest Yes AUC = 0.9804 and 
0.7578 in the TS 
and VS

This radiomics model 
is a valid method to 
predict 5-year survival 
in HCC patients

Song et al
[137], 2020

R PR RFS after c-
TACE

184 (HCC) DCE (AP, 
and PVP)

S; 3D AK software 396 (histogram, 
GLCM, GRLM, 
GLSZM)

ICC, LASSO LASSO Cox 
regression

Yes C-index = 0.802 The combined model 
is more valuable than 
the clinical-
radiological model or 
radiomics model alone 
for evaluating the RFS 
of HCC patients after 
c-TACE

Texture analysis based 
on preoperative MRI 
are potential 
quantitative 
predictors of ER in 
HCC patients after 

Zhang et al
[138], 2019

R PR ER (1 yr after 
hepatectomy)

100 (HCC) DCE (AP, 
PVP, and 
DP)

S; 3D Omni Kinetic 6 (skewness, 
kurtosis, uniformity, 
energy, entropy, and 
correlation)

NO LR No AUC = 0.867
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hepatectomy

Huang al
[139], 2019

R D, PR DD (HCC vs 
DPHCC), DFS, 
OS after surgery

100 (HCC) DCE (AP, 
PVP, DP, 
and HBP)

M; 3D Huiying Medical 
Technology

1029 (First-order, 
shape, texture -
GLCM, GLRLM, 
GLSZM-)

LASSO Multi-layer 
perceptron; SVM; 
LR; K-nearest-
neighbor; ROC

No Accuracy of LR in 
PVP (0.77), DP 
(0.798), HBP (0.756) 
and of multi-layer 
perceptron in PVP 
(0.798)

The radiomics features 
extracted from DCE-
MRI can be used to 
diagnose preoperative 
DPHCC

Ye et al
[140], 2019

P MC Ki67 expression 89 (HCC) T2WI FS; 
DCE (Pre-
T1WI, AP, 
PVP, TP, and 
HBP)

M; 3D AK software 396 (histogram, 
texture, GLCM, 
GLRLM)

LASSO LR No C-index = 0.936 The combination of 
DCE-MRI texture 
signature and clinical 
factors demonstrated 
the potential to 
preoperatively predict 
Ki-67 status of HCC 
after curative 
resection

Zhang et al
[141] 2019

R PPF MVI 267 (HCC) T2WI FS; in-
phase and 
out-of-phase 
sequences; 
T1WI; DWI; 
DCE (AP, 
PVP, and EP)

M; 3D MATLAB 484 (intensity, 
texture, wavelet)

mRMR LR Yes AUC = 0.784 and 
0.820 in TS and VS

The radiomics 
nomogram can serve 
as a visual predictive 
tool for MVI in HCC 
and outperformed 
clinico-radiological 
model

Chen et al
[142], 2020

R MC CK19+, EpCAM 115 (HCC) T2WI, pre-
T1WI, DCE 
(AP, PVP, 
HBP), ADC

M; 3D AK software 23 (histogram) Univariate analysis LR No Accuracy = 0.86, C-
index = 0.94

Noninvasive 
prediction of HCCs 
with progenitor 
phenotype can be 
achieved with high 
accuracy by integrated 
interpretation of 
biochemical and 
radiological 
information

Xu et al
[143], 2019

R PPF HCC GRADE 51 (HCC) ADC M; 3D SPSS 27 (histogram) NO NO No ρ = −0.397 for ADC 
25th percentile; 
AUC = 0.76 for 
ADC min

The 25th percentile 
ADC showed a 
stronger correlation 
with the histological 
grade of HCC than 
other ADC 
parameters, and the 
minimum ADC value 
might be an optimal 
metric for determining 
poor and fair diferen-
tiations of HCC in 
DWI

DCE (HAP, 
PVP, EP, and 

30 (histogram, 
GLCM, GLRLM, 

Fisher coefficient, 
MI, POE + ACC, 

Lowest misclassi-
fication rates: PCA-

Texture analysis of 
HBP, arterial phase, 

Li et al
[144], 2019

R MC Ki67 expression 83 (HCC) M; 3D MaZda ROC (accuracy) No
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HBP); T2WI 
FS

absolute gradient, 
the autoregressive 
model, wavelet 
transform)

correlation PVP = 40.96%; 
LDA-PVP = 9.64%; 
NDA-AP = 6.02%.

and portal venous 
phase are helpful for 
predicting Ki67 
expression

Oyama et al
[145], 2019

R D DD (HCC, MT, 
HH)

93 (50 HCCs, 50 
MTs, 50 HHs)

T1WI M; 3D MATLAB 43 (GLCM, GLRLM, 
GLSZM, NGTDM)

correlation LDA No Accuracy = 92% 
(texture analysis) 
and 85% 
(persistence imges 
analyses)

Texture analysis or 
topological data 
analysis support the 
classifcation of HCC, 
MT, and HH with 
considerable accuracy, 
solely based on non-
contrast-enhanced 
T1WI 3D

Wang et al
[146], 2019

R MC CK19+ HCC 48 (HCC) T2WI FS; in-
phase and 
out-of-phase 
sequences; 
DCE (AP, 
PVP, DP); 
DWI (b 
values 0 and 
500 s/mm²); 
ADC

M; 2D In-house 
software

2415 (intensity, 
gradient, Gabor 
wavelet, local binary 
pattern histogram 
Fourier, GLCM, 
GLGCM)

LDA (AUC) LR No AUC = 0.765 The StdSeparation 3D 
texture character may 
be a reliable imaging 
biomarker which can 
improve the 
diagnostic 
performance.

Zhu et al
[147], 2019

R PPF MVI 142 (HCC) DCE (AP, 
PVP)

M; 3D Omni-kinetics 
software

58 (histogram, 
GLCM, Haralick, 
GRLM)

Kruskal-Wallis, 
univariate LR, 
Pearson's 
correlation

LR Yes AUC = 0.81 The combined model 
of arterial phase 
radiomic features with 
clinical-radiological 
features could 
improve MVI 
prediction ability

Zhang et al
[148], 2019

P PR ER (1 yr after 
surgical 
resection)

155 (HCC) T2WI FS, 
DCE (AP, 
PVP, TP, and 
HBP)

M; 3D AK software 385 (histogram, 
texture, GLCM, 
GLRLM)

LASSO LR; ROC Yes AUC = 0.844 The radiomics 
nomogram integrating 
the radiomics score 
with clinical-
radiological risk 
factors showed better 
discriminative 
performance than the 
clinical-radiological 
nomogram

Gordic et al
[149], 2019

R PR CR, PR, SD 22 (HCC) volumetric 
ADC

M; 3D MATLAB 7 (histogram) Wald test LR No AUC = 0.91 Diffusion histogram 
parameters obtained 
at 6w and early 
changes in ADC from 
baseline are predictive 
of subsequent 
response of HCCs 
treated with RE
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Jansen et al
[150], 2019

R D DD (adenomas, 
cysts, 
hemangiomas, 
HCC, 
metastases)

211 (40 
adenomas, 29 
cysts, 56 
hemangiomas, 
30 HCC, 56 
metastases)

DCE-MRI, 
T2WI

M; 2D NS 164 (contrast curve, 
histogram, and 
GLCM texture)

ANOVA F-SCORE Randomized tree 
classifier

No Accuracy = 0.77 The proposed classi-
fication system using 
features derived from 
clinical DCE-MR and 
T2WI, with additional 
risk factors is able to 
differentiate five 
common types of 
lesions and is a step 
forward to a clinically 
useful aid for focal 
liver lesion diagnosis

Ma et al
[151], 2019

R PR Post RFA 
progression

64 (HCC) ADC M; 3D Volume View 8 (histogram) NO Cox-regression No C-index = 0.62 Pre-RFA ADC 
histogram analysis 
might serve as a 
useful biomarker for 
predicting tumor 
progression and 
survival in patients 
with HCC treated 
with RFA

Wu et al
[152], 2019

R D DD (HCC, HH) 369 (222 HCCs, 
224 HHs)

In-phase and 
out-of-phase 
sequences; 
T2WI; DWI

M; 3D PyRadiomics 1029 (shape, first-
order, texture -
GLCM, GLRLM, 
GLSZM-, 
exponential, square, 
square root, 
logarithm, and 
wavelet)

Variance threshold, 
select k best, LASSO

Decision tree; 
random forest; K 
nearest 
neighbours; LR; 
ROC

Yes AUC = 0.86 and 
0.89 in TS and VS

mpMRI radiomics 
signature is an adjunct 
tool to distinguish 
HCC and HH, outper-
formed a less 
experienced 
radiologist, and is 
nearly equal to an 
experienced 
radiologist

Kim et al
[153], 2019

R PR ER (< = 2 yr), LR 
(> 2 yr) after 
curative 
resection

167 (HCC) DCE (AP, 
PP, HBP, AP-
PP, AP-HBP, 
PP-HBP, and 
AP-PP-HBP)

S; 3D PyRadiomics 1301 (first-order, 
shape, texture -
GLCM, GLRLM, 
GLSZM, NGTDM, 
GLDM-, LoG, 
wavelet)

RF minimal depth 
algorithm

random survival 
forest

Yes C-index = 0.716 The clinicopathologic-
radiomic model 
showed best 
performances, 
suggesting the 
importance of 
including clinicopath-
ologic information in 
the radiomic analysis 
of HCC

The combination of 
quantitative ADC 
histogram parameters 
and LI-RADS categor-
ization yielded the 
best prediction 
accuracy for 
distinction of HCC vs 
ICC and combined 

Lewis et al
[154], 2019

R D DD (HCC, ICC, 
HCC-ICC)

63 (36 HCC; 17 
ICC; 12 HCC-
ICC)

ADC M; 3D MATLAB 11 (histogram) Wald criteria Binary LR and 
AUROC

No AUC = 0.9
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HCC-ICC

Chen et al
[155], 2019

R MC Immunoscore 
(CD3+ and 
CD8+)

207 (HCC) HBP M; 3D AK software 1044 (histogram, 
texture, factor 
parameters, GLCM, 
GLRLM, GLSZM)

Recursive 
elimination

LR Yes AUC = 0.92 The combined MRI-
radiomics-based 
clinical nomogram is 
effective in predicting 
immunoscore in HCC

Feng et al
[156], 2019

R PPF MVI 160 (HCC) HBP M; 3D AK software 1044 (histogram, 
texture, wavelet 
transformed, filter 
transformed texture)

LASSO LR Yes AUC = 0.85 and 
0.83 in TS and VS

A combined intrat-
umoural and peritu-
moural radiomics 
model based on DCE-
MRI is able to pre-
operatively predict 
MVI in primary HCC 
patients

Wu et al
[157], 2019

R PPF HCC grade 170 (HCC) T1WI; T2WI 
FS

M; 3D MATLAB 656 (histogram, 
shape, GLCM, 
wavelet)

LASSO LR Yes AUC = 0.8 The combination of 
the radiomics 
signatures with 
clinical factors may be 
helpful for the 
preoperative 
prediction of HCC 
grade

Yang et al
[158], 2019

R PPF MVI 208 (HCC) T2WI FS; 
DWI; DCE 
(AP, PVP, 
DP, and 
HBP)

M; 3D MATLAB 647 (shape, intensity, 
textur-GLCM, 
GLRLM, GLZLM, 
NGLDS-)

LASSO, AIC LR Yes AUC = 0.94 and 
0.86

The nomogram 
incorporating 
clinicoradiological risk 
factors and radiomic 
features derived from 
HBP images achieved 
satisfactory 
preoperative 
prediction of the 
individualized risk of 
MVI in HCC patients

Stocker et al
[159], 2018

R D DD (HCC vs 
FNH vs HA)

108 (55 HCC, 24 
HA, 29 FNH)

T1WI FS; 
T2WI; DCE 
(AP, PVP, 
and HBP)

M; 2D MATLAB 19 (histogram, 
GLCM, GLRLM)

LR LR; ROC No AUC = 0.92 2D-TA of MR images 
may help to 
distinguish HCC from 
benign hepatocellular 
tumors in the non-
cirrhotic liver, with 
most promising 
results were found in 
TA features in the AP 
images

When added texture 
variables to MRI 
findings, the 
diagnostic 
performance for 

Ahn et al
[160], 2019

R PR ER (1y after 
surgical 
resection)

179 (HCC) HBP M; 3D In-house 
software 
program

13 (histogram, 
GLCM)

Univariate analysis LR No AUC = 0.83
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predicting early 
recurrence is 
improved

Hui et al
[161], 2018

R PR ER (1yr), LNR 
(late or no 
recurrence) after 
surgery

50 (HCC) T2WI; DCE 
(AP, PVP 
and EP)

M; 2D MaZda 290 (histogram, 
texture, autore-
gressive model, 
GRLM, GLCM, 
wavelet)

PRTools ROC No Accuracy 78%-84% Texture analysis of 
preoperative MRI has 
the potential to predict 
ER of HCC with up to 
84% accuracy using an 
appropriate, single 
texture analysis 
parameter

Zou et al
[162], 2019

R D DD (IMCC and 
HCC)

33 IMCC, 98 
HCC

volumetric 
ADC, DCE-
MRI

M; 3D SPSS 9 (histogram) NO ROC No AUC = 0.79 Volumetric ADC 
histogram analysis 
provides additional 
value to dynamic 
enhanced MRI in 
differentiating IMCC 
from HCC

Li et al
[163], 2018

P PPF MVI 41 (HCC) IVIM-DWI M; 3D MATLAB 10 (histogram) Univariate analysis ROC No AUC = 0.87 Histogram analysis of 
IVIM based on whole 
tumor volume can be 
useful for predicting 
MVI. The 5th 
percentile of D was 
most useful value to 
predict MVI of HCC

Wu et al
[164], 2019

P PR TTP after TACE 55 (HCC) IVIM-DWI S; 3D MR OncoTreat 8 histogram 
parameters

NO Cox-regression No AUC = 0.82 Pre-TACE kurtosis of 
ADCtotal is the best 
independent predictor 
for TTP

Li et al
[165], 2017

R D DD (HH vs HM 
vs HCC)

162 (55 HH, 67 
HM, 40 HCC)

SPAIR T2WI M; 2D MATLAB 233 (histogram, 
GLCM, GLGCM, 
GLRLM, GWTF, 
ISZM)

CCC, DR, R2 ROC, KNN, BP-
ANN, SVM, LR

Yes Misclassification 
rates: 11.7% (HH vs 
HM), 9.6% (HM vs 
HCC) and 9.7% 
(HH vs HCC)

Texture features of 
T2WI SPAIR can 
classify HH, HM and 
HCC

Moriya et al
[166], 2017

R D HCC grade 53 (HCC) DWI, ADC A; 3D SPSS 11 (First Level) ANOVA ROC No sensitivity: 100%, 
specificity: 54%

Minimum ADC was 
most useful to differ-
entiate poorly differ-
entiated HCC in 3D 
analysis of ADC 
histograms

ST: Study type; R: Retrospective; P: Prospective; CP: Clinical purpose; D: Diagnosis; PPF: Prediction of pathological findings; PR: Prognosis; MC: Molecular characterization; NP: Number of patients; Seg: Segmentation; FS: Feature 
selection; CM: Classification method; DD: Differential diagnosis; cCC-HCC: Combined hepatocellular cholangiocarcinoma; HCC: Hepatocellular carcinoma; CC: Cholangiocarcinoma; MVI: Microvascular invasion; AIR: Aggressive 
intrasegmental recurrence; RFA: Radiofrequency ablation; VECT: Vessels encapsulating tumor clusters; PFS: Progression-free survival; TACE: Transcatheter arterial chemoembolization; CK19: Cytokeratin19; RFS: Recurrence-free 
survival; FNH: Focal nodular hyperplasia; GOLM1: Golgi membrane protein 1; SETD7: SET domain containing 7; RND1: Rho family GTPase 1; GPC3: Glypican-3; MVD: Microvessel density; MTM-HCC: Macrotrabecular-massive 
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hepatocellular carcinoma; ER: Early recurrence; HH: Hepatic hemangioma; HC: Hepatic cysts; OS: Overall survival; TFS: Transplant-free survival; HMRC: Hepatic metastasis of rectal cancer; CK7: Cytokeratin7; DEB-TACE: Drug-
eluting bead-transcatheter arterial chemoembolization; DFS: Disease-free survival; DPHCC: Dual-phenotype HCC; EpCAM: Epithelial Cell Adhesion Molecule; MT: Metastatic tumor; CR: Complete response; PR: Partial response; SD: 
Stable disease; LR: Logistic regression; LRec: Late Recurrence; ICC: Intrahepatic cholangiocarcinoma; HA: Hepatic adenoma; LNR: Late regional recurrence; IMCC: Mass-forming cholangiocarcinoma; TTP: Time to progression; HM: 
Hepatic metastases; DCE: Dynamic contrast-enhanced; ART: Arterial phase; PVP: Portal venous phase; DP: Delayed phase; T1WI: T1-weighted imaging; AP: Arterial phase; HBP: Hepatobiliary phase; HAP: Hepatic arterial phase; SPP: 
Substantial period phase; T2WI: T2-weighted imaging; DWI: Diffusion-weighted imaging; EP: Equilibrium phase; LAP: Late arterial phase; TP:  Transitional phase; PP: Portal phase; FS: Fat saturation; ADC: Apparent diffusion 
coefficient; DCE-MRI: DCE-Magnetic Resonance Imaging; IVIM: Intravoxel incoherent motion; SWI: Susceptibility weighted imaging; LVP: Late venous phase; SPAIR T2WI: Spectral attenuated inversion-recovery T2WI; M: Manually; S: 
Semi-automatic; A: Automatic; GLCM: Gray-level co-occurrence matrix; GLSZM: Grey Level Size Zone Matrix; GLRLM: Gray-level run-length; GLDM: Gray level dependence matrix; NGTDM: Neighboring gray tone difference matrix; 
CNN: Convolutional neural network; LBP: Local binary patterns; FOS: First-order statistics; NGLDS: Neighborhood gray-level difference statistics; RLM: Run-length matrix; GWTF: Gabor wavelet transform; ISZM: Intensity-size-zone 
matrix; MI: Mutual information; LASSO: Least absolute shrinkage and selection operator; mRMR: Minimum redundancy maximum relevance; RF: random forests; SVM-RFE: Support vector machine-recursive feature elimination; ICC: 
Intra-class correlation coefficient; PCA: Principal component analysis; RandomForestSRC: Random Forests for Survival, Regression, and Classification; LR: Logistic regression; POE + ACC: Classification error probability combined with 
average correlation coefficients; ROC: Receiver operating characteristic; LDA: Linesar discriminant analysis; AUC: Area under the curve; AIC: Akaike information criteria; CCC: Concordance correlation coefficient; DR: Dynamic range; 
ANN: Artificial neural network; GBDT: Gradient Boosting Tree; KNN: K-nearest Neighbours; XGBoost: Extreme gradient boosting; DT: Decision trees; DL: Deep learning; FDA: Fisher discriminant analysis; AUROC: Area under the 
receiver operating characteristic; BP-ANN: Back propagation artificial neural network; TS: Training sets; VS: Validation sets; ICG: Indocyanine green retention rate; NLR: Neutrophil-to-lymphocyte ratio; PLR: Platelet-to-lymphocyte 
ratio; CAD: Computer-aided diagnostic; TR: Transcatheter arterial chemoembolization response; SITET: Single-input two-compartment extended Tofts; DITET: Dual-input two-compartment extended Tofts; c-TACE: Conventional-
transcatheter arterial chemoembolization; TA: Texture analysis; RE: Radioembolization.

the 128 included articles. However, only 40 (31.25%) identified and discussed biological correlates and only 50 (39.06%) 
provided cut-off analysis.

Of the 127 studies included, almost all (123) reported discrimination statistics and their statistical significance. About a 
quarter of these studies used resampling techniques. However, only 58 studies reported calibration statistics, and none of 
them applied resampling techniques.

A significant proportion (39.37%) of the studies (50 out of 127) did not provide any validation of their results. Only 
three studies validated their results using one external validation cohort and five studies used two external validation 
cohorts. Furthermore, only 47 out of 127 research examined the clinical utility of the produced model using decision 
curve analysis, while 42 out of 127 studies compared radiomics models with the particular gold standard (based on the 
study purpose).

Lastly, no study disclosed code and data to the public or performed a cost-effectiveness analysis.

Correlation analysis between RQS and journal metrics
A significant positive correlation was found between RQS and journal IF (ρ = 0.36, P = 2.98 × 10-5), 5-years IF (ρ = 0.33, P = 
1.56 × 10-4), number of patients involved (ρ = 0.51, P < 9.37 × 10-10) and number of radiomics features (ρ = 0.59, P  < 4.59 × 
10-13) extracted in the study. On the other hand, there was a significant negative correlation between RQS and time 
between the publication and the performed literature research (ρ = -0.23, P  = 0.0072) and there were no statistically 
significant differences identified in the RQS among studies with different objectives. Scatterplots with regression lines 
showing significant correlations between RQS and journal metrics are shown in Figure 3.

DISCUSSION
In this systematic review, we aimed at summarizing the current status of the fast-growing research on MRI radiomics for 
the management of HCC. We explored whether it could offer diagnostic, prognostic, and predictive information about 
pathological outcomes and molecular expression. Additionally, we assessed the quality of the science and reporting 
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Figure 1 PRISMA flow diagram of included studies. HCC: Hepatocellular carcinoma.

Figure 2 Results of Radiomics Quality Score assessment. A: Histogram plot of row counts of included studies according to Results of Radiomics Quality 
Score (RQS) percentage; B: Pie chart of the mean RQS of included studies. RQS: Radiomics Quality Score.

across the studies using the RQS tools. 127 studies from November 2017 onwards were examined in our study. Despite 
promising results obtained from each of them (with best AUC and C-indexes reaching 0.98 and 0.94, respectively), our 
study revealed that the methodological variability of the research is considerable, and the reporting quality is insufficient.

Mean RQS was 8 out of 36, with a mean percentage RQS of 24.15%. These results are consistent with previously 
published data on a variety of tumors, including prostate, breast, lung, renal, and brain cancer[27-31]. Recent studies 
evaluating research quality in HCC radiomics also align with our findings[25,32]. However, direct comparison with our 
study is not possible due to differences in purpose and inclusion criteria.
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Figure 3 Scatterplots with regression lines showing correlations between Radiomics Quality Score and journal metrics. A: Correlation 
between Radiomics Quality Score (RQS) and number of included patients; B: Correlation between RQS and number of radiomic features extracted; C: Correlation 
between RQS and impact factor (IF); D: Correlation between RQS and 5-years IF; E: Correlation between RQS and first author. Each point corresponds to a study. 
RQS: Radiomics Quality Score; IF: Impact factor; HI: H-Index.

The results of our analysis showed that the poor RQS scores of the included studies were mostly caused by the absence 
of rigorous procedures pertaining to radiomics workflow.

Regarding RQS checkpoint 1, practically all investigations have a thorough documentation of the imaging 
methodology. Nevertheless, the lack of public image methods in the investigations negatively impacts the radiomic 
studies' repeatability and reproducibility. Notably, the CE-T1WI MRI sequence emerged as the most extensively 
explored, given its primary role in preoperative HCC assessment. Nevertheless, there exists variability in MRI acquisition 
due to differences in manufacturers, scanning protocols, contrast media, and phases employed. A significant diversity 
across the included studies was also noted in terms of RQS checkpoint 2. Specifically, 108 out of 127 studies adopted 
multiple segmentations to mitigate bias arising from segmentation variability. It's crucial to highlight, however, the lack 
of consistency among studies regarding the type of ROI (2D/3D) and the segmentation method used (manual, semi-
automatic, automatic). It is worth mentioning that the majority of studies used manual or semi-automated image 
segmentation with manual correction, which restricts the studies included. Both manual and semi-automatic 
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segmentation can introduce significant observation bias, which may affect studies on intra- and interobserver variation in 
ROI/VOI delineation[1].

None of the studies determined scanner/manufacturer variability or collected images at multiple time points, making 
it difficult to detect potential feature variability between scanners and manufacturers, as well as temporal variability. 
Positively, all but twelve studies performed feature reduction, which is consistent with the third RQS checkpoint. In fact, 
excessive dimensionality of features can negatively affect model performance and lead to overfitting[33]. The RQS 
showed high variability in items 6, 7 and 8. However, it is important to note that these items are highly dependent on the 
aim of the study.

Another notable finding from our review was that only nine of the studies in the review were prospective studies, 
which is the highest weighting in the RQS tool. This constitutes a significant drawback in radiological studies since a 
meticulously planned prospective trial serves to diminish and control potential confounding factors, thereby offering a 
superior level of evidence regarding the trial's quality. This elucidates the rationale behind assigning the highest weight 
(7 points) to studies with a prospective design in the RQS tool, representing approximately 20% of the total score. Thus, 
this limitation highlights the importance of conducting well-designed prospective studies.

It is noteworthy that nearly half of the examined papers lacked outcome validation which increases the risk of false-
positive results and hinders the implementation of radiomics in clinical practice. However, approximately half of the 
studies that did not validate their results with an independent cohort chose to perform cross-validation.

The majority of the studies did not provide open access to their data sets, segmentations or codes, which limits the 
ability to verify and reproduce their results[34,35].

Cost-effectiveness analyses that evaluate radiomic prediction models from a health economic perspective when applied 
in clinical practice have the same limitation. The assumption is that a new predictor should be no more costly than 
existing predictors, given comparable accuracy. In addition, the health impact of a radiomics predictor is compared to a 
condition in which no radiomic predictor[2,32]. However, this criterion of RQS is not as important as the need to 
standardize and validate the models.

As far as we are aware, this is the first systematic review that looks into the possibility of employing MRI radiomics to 
gather information regarding the management of HCC and to assess studies using the RQS tool.

Previous studies evaluated the quality of radiomic analysis in different studies for different oncologic applications[27-
31,36]. Similar to our study, Wakabayashi et al[25] assessed whether radiomics is a valuable and reproducible method for 
clinical management of HCC using RQS. However, their work included studies up to 2018 and was not focused on MRI 
modality. In addition, Wang et al[32] also aimed to assess the methodological quality of radiomics studies for HCC 
management. However, although similar findings with respect to our study were found (mean RQS of 10), their study 
was focused on the prediction of MVI in HCC patients and also included studies involving other imaging modalities than 
MRI.

I contrast to most studies that focus on assessing the quality of radiomic studies by means of RQS, our approach 
involved exploring the potential correlation between RQS and scientometric indixes. Our findings revealed that public-
ations that have higher RQS were published in journals with higher IF and 5-years IF. However, studies with high/low 
RQS and low/high IF and 5-years IF were also found. Moreover, although no significant correlation was found, it was 
observed that RQS tended to increase with time (decreasing number of months passed from literature research). 
Interestingly, we discovered that the quality of included studies increased as the number of included patients and 
extracted attributes grew.

It is crucial to underscore that only 45 out of 127 studies referenced the Image Biomarker Standardization Initiative 
(IBSI) guidelines or utilized software for radiomic feature extraction compliant with IBSI standards (e.g., PyRadiomics). 
Emphasizing the importance of adhering to standardized radiomic features nomenclature and calculation according to 
IBSI, our study highlights the need for future research to align with these standards, thus enhancing the reproducibility of 
scientific researches[37].

Despite the insights gained, our study is not without limitations. The RQS scoring system, as acknowledged in prior 
research, is not a definitive standard for evaluating radiomics studies and requires ongoing refinement for widespread 
acceptance in radiology. The existing research is limited by issues including conducting phantom studies across all 
scanners, applying imaging at multiple time points, and lacking definition for a particular study purpose[38,39]. 
Additionally, the predominantly retrospective nature of the included studies introduces bias, compounded by the 
absence of external validation cohorts and comparisons with reference standards, hindering conclusive remarks on the 
efficacy of MRI radiomics in HCC[40,41]. Variability in sample size, inclusion criteria, and methodological settings across 
studies precluded a meta-analysis aligned with study objectives. Furthermore, the study did not explore specific shared 
radiomic features among different studies, considering the wide-ranging variability in imaging protocols and software for 
feature extraction.

CONCLUSION
In summary, despite the potential of recent developments in MRI radiomics to fulfill the urgent requirement for 
noninvasive, radiation-free, and quantitative approaches to support decision-making in HCC treatment, the current 
studies in this domain lack the requisite quality for integration into clinical practice. Emphasizing the significance of 
external validation, addressing concerns related to feature reproducibility, conducting clinical utility analyses, and 
fostering scientific openness are crucial steps that need to be addressed. This endeavor aims to provide fresh perspectives 
and contribute to the establishment of a consensus regarding the application of the radiomic method in assessing HCC.
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ARTICLE HIGHLIGHTS
Research background
Radiomics is a promising tool that may increase the value of Magnetic Resonance Imaging (MRI) for different tasks linked 
to the management of patients with hepatocellular carcinoma (HCC).

Research motivation
Over the last decade, there has been a substantial increase in radiomics studies in the field of HCC. Many of these studies 
have demonstrated the power of radiomic features for differential diagnosis, grading, predicting microvascular invasion, 
overall survival, recurrence, and treatment response. However, the use of radiomics in HCC is currently limited to 
academic literature, and no studies have yet been translated into clinical applications. This has led to doubts among 
clinicians about the radiomics validity. This is in part due to many issues related to the methodological quality of 
radiomic studies.

Research objectives
To summarize the status of MRI radiomic studies concerning HCC, using the radiomics quality score (RQS) to assess the 
quality of the methodology used in each study.

Research methods
We systematically reviewed PubMed, Google Scholar, and Web of Science databases to identify original articles focused 
on using MRI radiomics for HCC management published between 2017 and 2023. The RQS tool was employed to 
evaluate the methodological quality of radiomic studies. Spearman’s correlation (ρ) analysis was conducted to investigate 
the association between RQS and journal metrics, as well as the characteristics of the studies. The threshold for statistical 
significance was established at P < 0.05.

Research results
127 articles were included, of which 43 focused on HCC prognosis, 39 on prediction of pathological findings, 16 on 
prediction of the expression of molecular markers outcomes, 18 had a diagnostic purpose, and 11 had multiple aims. 
Mean RQS was 8 ± 6.22, with the corresponding percentage of 24.15% ± 15.25% (ranging from 0.0 to 58.33%). RQS was 
positively correlated with journal impact factor (IF; ρ = 0.36, P =2.98 × 10-5), 5-years IF (ρ = 0.33, P = 1.56 × 10-4), number of 
patients involved (ρ = 0.51, P < 9.37 × 10-10) and number of radiomics features (ρ = 0.59, P < 4.59 × 10-13) extracted in the 
study, and time of publication (ρ = -0.23, P  = 0.0072).

Research conclusions
Although the MRI radiomics in HCC represents an auspicious tool for developing adequate personalized treatment as a 
noninvasive approach in HCC patients, our study revealed that studies in this field still lack the quality required to allow 
its introduction in clinical practice.

Research perspectives
Although recent advantages in MRI radiomics can potentially satisfy the urgent need for noninvasive, radiation-free and 
quantitative strategies that can aid in HCC treatment decision making, studies in this field still lack the quality required 
to allow its introduction in clinical practice. Future studies including external validation and adhering to the standard-
ization of radiomics features are necessary. Moreover, limitations and challenges related to feature reproducibility, 
analysis of the clinical utility, and openness of science need to be addressed. This work may provide new insights and 
contribute to a common understanding of the use of radiomics in the assessment of HCC.
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Abstract
The present letter to the editor is related to the review with the title “Past, present, 
and future of long-term treatment for hepatitis B virus.” Chronic hepatitis B 
(CHB) represents an important and pressing public health concern. Timely identi-
fication and effective antiviral therapy hold the potential to reduce liver-related 
mortality attributable to chronic infection with hepatitis B virus (HBV) substan-
tially. However, the current global treatment rates for CHB remain conspicuously 
low, with the excessively stringent treatment criteria advocated by national CHB 
guidelines being a contributing factor to these low rates. Nevertheless, recent 
strides in comprehending this malady and the emergence of novel antiviral agents 
prompt the imperative re-evaluation of treatment standards to extend the sphere 
of potential beneficiaries. An impending need arises for a novel paradigm for the 
classification of patients with CHB, the expansion of antiviral treatment eligibility 
for HBV-infected individuals, and even the streamlining of the diagnostic process 
for CHB to amplify cost-effectiveness and augment survival prospects.

Key Words: Hepatitis B virus; Chronic hepatitis B; Antiviral treatment criteria; Serum 
alanine aminotransferase; Liver-related mortality; Letter to the Editor

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

https://www.f6publishing.com
https://dx.doi.org/10.3748/wjg.v30.i4.418
mailto:19hxtang@stu.edu.cn


Bao ZH et al. Expanding HBV antiviral treatment standards

WJG https://www.wjgnet.com 419 January 28, 2024 Volume 30 Issue 4

Core Tip: Chronic hepatitis B (CHB) is a serious public health problem. Early detection and effective antiviral treatment can 
remarkably reduce liver-related mortality caused by CHB. However, the global diagnosis and treatment rates of CHB are 
only 10% and 2%, respectively. Expanding the standard of antiviral treatment for patients with hepatitis B is urgently needed 
to improve cost-effectiveness and survival further.

Citation: Bao ZH, Dai ZK, Tang HX. Antiviral treatment standards for hepatitis B: An urgent need for expansion. World J 
Gastroenterol 2024; 30(4): 418-420
URL: https://www.wjgnet.com/1007-9327/full/v30/i4/418.htm
DOI: https://dx.doi.org/10.3748/wjg.v30.i4.418

TO THE EDITOR
We read with great interest the review by Broquetas and Carrión[1]. This review discusses the need to expand the 
antiviral treatment criteria for patients with hepatitis B to improve cost-effectiveness and overall survival in the future.

We strongly concur with the proposition that a new paradigm is required for classifying patients with chronic hepatitis 
B (CHB). Such a paradigm includes streamlining the diagnostic process to enhance diagnosis and treatment accessibility. 
Presently, treatment guidelines for CHB primarily emphasize antiviral therapy for individuals exhibiting high viral loads 
and liver inflammation. However, recent advancements in our understanding of CHB and the availability of novel 
antiviral agents necessitate a reassessment of treatment criteria to benefit a broadened range of patients potentially. 
Research conducted by Professor Lim et al[2] has demonstrated that expanding the treatment criteria to encompass 
individuals meeting the conditions for CHB treatment can reduce hepatitis B virus (HBV)–related mortality rates and 
improve cost-effectiveness[2]. Similar conclusions have been drawn by Professor Zhang et al[3]. Moreover, Professor Li et 
al[4] have utilized modeling to investigate HBV clearance in different diagnostic and treatment scenarios, proposing that 
achieving 90% diagnostic coverage and 80% standardized treatment coverage, as opposed to the current situation, could 
prevent approximately two million HBV-related deaths[4]. These findings underscore the remarkable potential of early 
detection and effective antiviral treatment in reducing liver-related mortality associated with CHB. However, a recent 
review has highlighted that the global diagnostic and cure rates for CHB are currently only 10% and 2%, respectively[5]. 
The primary issue lies in the existing CHB guidelines that recommend overly stringent treatment criteria, thereby 
resulting in the ineligibility of a substantial number of HBV-infected individuals for antiviral therapy. This situation 
could potentially contribute to disease progression.

As a country burdened heavily by chronic HBV, China may consider expanding the antiviral treatment criteria to meet 
the World Health Organization's (WHO) goal of reducing mortality by 65% by 2030. Serum alanine aminotransferase 
(ALT) is currently used as the initial indicator for commencing antiviral treatment for chronic HBV infection, with 
varying thresholds utilized globally. A multicenter cohort study has demonstrated that ALT levels and liver inflam-
mation are closely correlated with histological progression[6]. The European Association for the Study of the Liver 
(EASL) suggests that the upper limit of normal of ALT is 40 U/L. The current ALT threshold may be unsuitable as an 
indicator for initiating antiviral treatment for chronic infection with HBV because a notable proportion of HBV-infected 
patients with normal ALT levels exhibit remarkable liver inflammation and fibrosis[7-9]. Therefore, lowering the 
threshold for ALT can improve the identification of considerable liver damage in patients with CHB[10]. The American 
Hepatitis B Foundation organized a report meeting with the title "Expanding Hepatitis B Treatment Guidelines" to 
propose a strategy for the antiviral treatment of all HBV DNA–positive individuals. The primary goal of antiviral therapy 
is to suppress HBV DNA levels to undetectable levels given that this end point is associated with an improvement in liver 
inflammation and fibrosis, cirrhosis reversal, and reductions in HCC risk and liver-related mortality.

The in-progress development of the new WHO guidelines for hepatitis B was introduced at the 2023 EASL Congress. 
These guidelines aim to expand simplified treatment standards, improve service provision, and provide innovative 
diagnostic approaches.

Consequently, the expansion of antiviral treatment criteria for patients with hepatitis B and simplification of diagnostic 
standards for hepatitis B are imminent. However, the expansion of treatment criteria necessitates the consideration of 
long-term outcomes, including assessing the risk of hepatocellular carcinoma, liver-related complications, and 
improvements in quality of life, alongside evaluating the cost-effectiveness of interventions to ensure broadened 
treatment access in resource-limited settings. As a result, future research will require increased sample sizes and 
multicenter randomized controlled trials.
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Abstract
According to the latest global cancer statistics, colorectal cancer (CRC) has 
emerged as the third most prevalent malignant tumor across the globe. In recent 
decades, the medical field has implemented several levels of CRC screening tests, 
encompassing fecal tests, endoscopic examinations, radiological examinations and 
blood tests. Previous studies have shown that leukocyte immunoglobulin-like 
receptor B2 (LILRB2) is involved in inhibiting immune cell function, immune 
evasion, and promoting tumor progression in acute myeloid leukemia and non-
small cell lung cancer. However, its interaction with CRC has not been reported 
yet. Recently, a study published in the World Journal of Gastroenterology revealed 
that LILRB2 and its ligand, angiopoietin-like protein 2, are markedly overex-
pressed in CRC. This overexpression is closely linked to tumor progression and is 
indicative of a poor prognosis. The study highlights the potential of utilizing the 
concentration of LILRB2 in serum as a promising biomarker for tumors. However, 
there is still room for discussion regarding the data processing and analysis in this 
research.
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Core Tip: In this study, it has been extensively demonstrated that there is an overexpression of leukocyte immunoglobulin-
like receptor B2 (LILRB2) and its ligand angiopoietin-like protein 2 in colorectal cancer tissues. Furthermore, these proteins 
have been found to be closely associated with tumor progression and poor prognosis. The author conducted an analysis of 
LILRB2 serum concentration using 313 serum samples and compared its advantages and disadvantages with traditional 
tumor markers such as carcinoembryonic antigen and carbohydrate antigen 199. However, we believe that certain aspects of 
data collection and analysis in the article warrant further consideration. Therefore, we would like to discuss our perspective 
on this intriguing research.

Citation: Zhao WZ, Wang HG, Yang XZ. Leukocyte immunoglobulin-like receptor B2: A promising biomarker for colorectal cancer. 
World J Gastroenterol 2024; 30(4): 421-423
URL: https://www.wjgnet.com/1007-9327/full/v30/i4/421.htm
DOI: https://dx.doi.org/10.3748/wjg.v30.i4.421

TO THE EDITOR
According to the most recent global cancer statistics, colorectal cancer (CRC) is now the third most common malignant 
tumor worldwide. It has a notably high incidence rate, a poor prognosis at advanced stages, and ranks as the second 
leading cause of cancer-related deaths[1,2]. However, the implementation of population-based CRC screening, such as 
fecal occult blood tests and endoscopy, has significantly improved overall survival rates and brought about promising 
prospects for the cure of CRC[3]. We have carefully read the case-control study written by Wang et al[4]. This study 
commences by introducing the worldwide incidence and prognosis of CRC while emphasizing the challenges associated 
with its current treatment. Subsequently, the research team discovered the leukocyte immunoglobulin-like receptor B2 
(LILRB2) protein through prior proteomic investigations[5]. The study postulates that LILRB2 could potentially serve as 
both a therapeutic target and a screening biomarker for CRC. Within the experimental section, the research team collected 
pathological specimens and medical records from a substantial number of patients who had undergone curative surgery 
for CRC. The expression levels of LILRB2 were compared across various populations using serological tests, immunohis-
tochemistry, enzyme-linked immunosorbent assay, and other experimental methods. They also compared the differences 
in detection between this tumor marker and traditional tumor markers. Lastly, the study summarizes the experimental 
results and offers recommendations for further comprehensive research.

This study employed an innovative flow cytometry analysis method in combination with traditional immunohisto-
chemical staining methods to mutually validate the results obtained from both approaches. This approach effectively 
confirms the reliability of the experimental findings. Moreover, the research team utilized gene platforms for online 
analysis of differentially expressed genes or mRNAs between normal and cancer tissues, which complemented the 
protein-level experiments. The team compared the expression levels of the LILRB2 protein in CRC tissues and adjacent 
tissues. They also analyzed the correlation between LILRB2 mRNA expression and angiopoietin-like protein 2 
(ANGPTL2) mRNA expression in CRC tissues, as well as the correlation between LILRB2 protein expression and 
ANGPTL2 protein expression. Furthermore, they compared the diagnostic efficiency of LILRB2 with traditional tumor 
markers (carcinoembryonic antigen and carbohydrate antigen 199) using serum samples.

We would like to congratulate the research team on their compelling findings. They conducted a comprehensive 
investigation into the expression changes of the LILRB2 protein and its ligand ANGPTL2 in the occurrence and 
development of colorectal tumors. However, there are some questions that require further consideration by the 
researchers regarding this article.

The researchers collected a total of 313 serum samples between February 2021 and October 2022. Among these, there 
were 117 preoperative serum samples from CRC patients, 85 postoperative serum samples, 93 serum samples from 
adenoma patients, and 18 serum samples from healthy controls. They then compared the differences in serum LILRB2 
concentrations among CRC patients, adenoma patients, and healthy controls, and discovered statistically significant 
variations in LILRB2 concentrations among the three groups. However, we would like to point out that there is a 
significant disparity in the number of serum samples between the CRC patient group (202 samples) and the healthy 
control group (18 samples). This raises concerns about potential data bias in the research results. Additionally, the criteria 
for including patients with normal colonoscopy findings in the healthy control group may be too broad. We believe it is 
necessary to establish detailed inclusion criteria for the healthy control group.

It is intriguing that the research findings in this article suggest that LILRB2 mRNA expression does not correlate with 
overall survival or progression-free survival in CRC patients. However, the overexpression of the LILRB2 protein is 
significantly associated with reduced overall survival, indicating a poor prognosis in CRC patients and suggesting a pro-
cancer role of the LILRB2 protein in CRC progression. These results warrant further in-depth studies to elucidate the 
mechanisms behind these intriguing findings.

During our review of the research results in the article, we noticed the absence of any mention regarding baseline data 
processing for the participants' data. This omission raises concerns about the potential introduction of bias into the 
research results, which could impact the accurate assessment of the findings and diminish the reliability and validity of 
the study.
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Previous studies on LILRB2 have primarily focused on hematopoietic stem cells and bone marrow immune cells, with 
limited attention given to CRC. LILRB2 has been found to play a significant role in inflammatory response and cell prolif-
eration processes in these cells[6,7]. However, LILRB2 enrichment has also been observed in several malignant tumors, 
such as acute myeloid leukemia, chronic lymphocytic leukemia, esophageal cancer, pancreatic cancer, non-small cell lung 
cancer, and breast cancer[8]. It is premature to consider LILRB2 as a specific tumor marker for CRC since elevated serum 
levels of LILRB2 can occur in various solid tumors. Additionally, the differential effects of LILRB2 mRNA and protein 
expression on CRC prognosis warrant further investigation. Moreover, LILRB2 inhibitors are currently in phase I clinical 
trials[9], and their efficacy in treating CRC requires further observation.

This study offers preliminary evidence supporting the potential of the LILRB2 protein as a novel therapeutic target and 
non-invasive screening biomarker for CRC. Its implications are particularly beneficial for clinical practitioners, as it 
enables early screening, precise treatment and accurate prognostic evaluation of CRC.
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