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Liver cirrhosis is associated with serious complications of portal hypertension 
(PH), which ultimately causes variceal bleeding and ascites in a life-threatening 
manner. Non-invasive diagnostic techniques have evolved as an essential tool 
of early detection and management from a stand point of being dependent on 
invasive diagnostic techniques. This review summarises the most recent progress 
in noninvasive diagnostic possibilities in PH in liver cirrhosis in terms of its clinical 
use and future outlook. A literature review within the last decade and beyond 
revealed such studies which developed and utilised the indexing technique such 
as transient elastography, shear wave elastography and other more advanced 
imaging modalities. Non-invasive techniques which can be used to diagnose PH 
and monitor it have been made and have been shown to have the possibility of 
obviating invasive procedures. Given that these are noninvasive techniques, they 
represent valuable alternatives to invasive PH testing, and future work needs to 
be directed towards increasing accuracy of these tests and implementing these 
techniques into routine clinical practise.
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1 Introduction

Portal hypertension (PH) is a sustained increase in the pressure in the portal venous 
system which is one of the most common complications of liver cirrhosis (1–3). Increased 
intrahepatic vascular resistance as a consequence of cirrhosis induced structural remodeling 
and fibrosis of the liver causes elevated portal venous pressure (4–6). PH is a problem because 
it is clinically significant as it is associated with a number of severe complications including 
oesophageal and gastric variceal bleeding, ascites, hepatorenal syndrome and hepatic 
encephalopathy (7). Variceal bleeding is considered one among the severe complications of 
PH with the initial bleeding mortality rate ranging up to 30 to 50% and very rarely results into 
good patients’ outcomes (8, 9). Consequently, early diagnosis and combined therapy for the 
disease will result in a better prognostic course in patients with liver cirrhosis.
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Traditionally, hepatic venous pressure gradient (HVPG) 
measurement has been considered the “gold standard” for diagnosing 
PH (10). Portal venous pressure is measured by HVPG, in an accurate 
reflection as the difference of pressure between the wedged and free 
hepatic veins (11, 12). However, even though measurement of HVPG 
is an invasive procedure which has its own risks and complications 
(bleeding, infection and vascular complication). Furthermore, the 
measurement of HVPG is a laborious, costly and technically complex 
procedure that requires use of specialised equipment and trained 
personnel and thus is not routinely done clinically (13). For this 
reason, accurate, non-invasive diagnostic tools have been sought in 
both clinical as well as research areas (14, 15).

In recent years, with the continuous advancement of medical 
technology, non-invasive diagnostic techniques have gradually 
become important tools for assessing PH (16). The advantages of 
non-invasive techniques include their non-invasive nature, 
repeatability, and lower costs, which reduce patient discomfort and 
risk (17). Moreover, non-invasive techniques can be used for early 
screening of PH, monitoring treatment efficacy, and predicting 
complications. Currently, non-invasive diagnostic techniques mainly 
include ultrasound-based methods (e.g., transient elastography and 
shear wave elastography), imaging techniques (e.g., magnetic 
resonance imaging [MRI] and computed tomography [CT]), and 
biomarker assays. The continuous development and optimization of 
these techniques offer new possibilities for the clinical management 
of PH, especially in resource-limited settings where the application of 
non-invasive techniques is particularly important (18).

2 Non-invasive diagnostic techniques

2.1 Ultrasound-based techniques

Doppler ultrasound (DUS) is based on the doppler effect, which 
is the change in frequency when sound wave is reflected off of moving 
objects such as red blood cell. A speed and direction of blood flow can 
be determined by measuring this frequency change (19, 20). These 
parameters are PVV, HARI, and HHV, to assay hemodynamic changes 
with PH (21) (Table 1). DUS has a clinical value for the detection of 
morphological and haemodynamic alterations in patients with 
advanced liver fibrosis and cirrhosis. Because it is so easily and cheaply 
available, it is particularly useful for screening and monitoring 
PH (22).

However, all of these correlate with liver stiffness and portal 
pressure and DUS has been shown to correlate with M flap pressures 

and thrombus location. For example, sheave wave elastography (SWE) 
measurements of sheave wave elastography (F4) and hepatic vein 
waveform (tri phasic to monophasic) are highly associated with 
increase in liver stiffness (23). Nevertheless, sensitivity and specificity 
of DUS for detecting PH depend on particular parameters (24). 
Although correlations between PVV and HVV with liver stiffness 
were strong (25, 26), HARI showed only weak or even no correlation. 
In general, DUS continues to be a useful tool for the screening and 
monitoring of PH.

Transient elastography (TE) is a non-invasive technique which 
can be utilised to measure the liver stiffness by generating and receive 
low frequency shear waves in hepatic tissue. Shear wave elastography 
is a technology using a probe to create vibrations in order to determine 
propagation speed of shear waves through liver tissue, then reflects 
degree of liver fibrosis and cirrhosis (27). Thus, TE has been widely 
used for evaluating liver fibrosis and has been validated in different 
clinical settings to become one of the most popular noninvasive 
methods for assessment of liver fibrosis (28). We can quantitatively 
determine liver stiffness measurements (LSM) and have shown high 
accuracy and reliability of the diagnosis of chronic liver disease, 
non-alcoholic fatty liver disease (NAFLD) (29) and chronic hepatitis 
B (30, 31). In addition, early intervention and treatment can 
be  facilitated by TE in detecting liver fibrosis and cirrhosis. An 
example of that is patients with chronic hepatitis B, where TE can 
distinguish between inactive chronic carriers and NASH and predict 
the development of PH (32). However, TE is also provided as a 
non-invasive and rapid alternative to the cumbersome and risky liver 
biopsy. However, in some cases, TE results are dependant on factors 
such as patient obesity, age and diabetes, and therefore additional 
diagnostic methods may still be necessary (33). TE has also been used 
extensively in drug development, namely the evaluation of the effects 
of drugs on liver fibrosis. Changes in LSM before and after treatments 
can be effectively assessed for efficacy of drugs by monitoring with 
LSM (34, 35).

Consequently, LSM by the TE have proven very valuable in PH 
assessment as LSM is well correlated to elevated portal pressure. 
Studies have shown that liver stiffness values >17 kPa often indicate 
significant liver fibrosis or cirrhosis and are associated with increased 
portal pressure (36). This makes TE an important tool for assessing 
PH, especially in resource-limited settings. However, the accuracy of 
TE may be limited in moderate fibrosis stages (e.g., F2 and F3) and can 
be affected by factors such as obesity, inflammation, and cholestasis 
(37). Therefore, while TE has significant clinical advantages, its 
limitations should be considered in practice, and other diagnostic 
tools should be combined to enhance diagnostic accuracy.

TABLE 1  Parameters and clinical significance of DUS in the diagnosis of PH.

Parameter Definition Clinical significance Sensitivity/specificity References

PVV
Blood flow velocity in the 

portal vein
Reduced velocity indicates PH Moderate/Moderate

(20)

HARI
Index of blood flow resistance 

in the hepatic artery

Elevated levels indicate liver 

fibrosis or cirrhosis
Low/Moderate

(26)

HVV
Doppler waveform of hepatic 

vein blood flow

Change from triphasic to 

monophasic waveform indicates 

PH

High/Moderate

(20)

PH, Portal Hypertension; DUS, Doppler Ultrasound; PVV, Portal Vein Velocity; HARI, Hepatic Artery Resistive Index; HVV, Hepatic Vein Waveform.
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SWE overcomes these shortcomings by integrating elastography 
into conventional B-mode ultrasound (Table  2). Real-time visual 
guidance allows operators to place a 5 mm sampling box away from 
large vessels or focal lesions and instantly exclude unreliable 
measurements, reducing technical failure rates from 7–10% (TE) to 
<3% (SWE) (27). Deeper penetration and a larger field of view (up to 
8 cm) make SWE feasible in obese individuals (BMI > 30 kg m−2) and 
in those with mild ascites. Intrinsic quality metrics—such as 
propagation maps or quality factors—automatically flag measurements 
contaminated by respiratory motion, lowering inter-observer 
variability from 12–15% (TE) to <5% (SWE). SWE is less affected by 
confounding conditions; in acute hepatitis or cholestasis, SWE-derived 
liver stiffness rises by <10%, compared with 25–30% for TE, thereby 
improving specificity for fibrosis. These advances translate into higher 
diagnostic accuracy: pooled Area Under the Receiver Operating 
Characteristic curve (AUROC) for ≥F2 fibrosis improves from 0.79 
(TE) to 0.87 (2D-SWE), and the failure rate for predicting clinically 
significant portal hypertension (CSPH) falls from 11% (TE) to 4% 
(SWE) (38).

Studies supporting the efficacy of SWE for detection and PH of 
liver fibrosis have been performed. In Zayadeen et al., they showed 
that SWE was high in the sensitivity and specificity of the liver fibrosis 
assessment in stage F1–F4 with AUC close to 1 (i.e., high accuracy to 
assess the liver fibrosis severity) (39). Moreover, the Zhu et al. study 
found that SWE served well to evaluate the extent of PH of hepatitis 
B related cirrhosis with significant correlations of liver stiffness to 
spleen stiffness and HVPG and high accuracy and reliability in 

diagnosing clinically significant portal hypertension (CSPH) and 
severe portal hypertension (SPH) (40) (Table 3).

2.2 Advanced imaging techniques

PH has been evaluated with power image which is also a powerful 
MRI. In view of its capacity to clearly show the opening of the portal 
vein and its collateral branches as well as the portal body collateral 
circulation rate with it being highly consistent with that of the arterial 
portal angiography (41). Moreover, intrahepatic portal veins, their 
collateral branches, and the thrombi and spongy deformities within 
them can be  clearly visualised by MRI. In addition, it allows 
assessment of portal pressure on the basis of measurements of liver 
structure, hepatic and splenic perfusion and splenic artery blood flow 
(42) (Figure  1a). Whole body macrovascular examinations and 
pre-shunt surgery or liver transplanting portal vein imaging before 
surgery can be  performed by the advanced MRI methods, e.g., 
magnetic resonance angiography (MRA) (43) and magnetic resonance 
portal vein imaging (MRP) (44) (Figure 1b). Furthermore, the low 
frequency shear wave velocity is an essential diagnostic tool for liver 
and spleen fibrosis as well as staging and an important basis for 
quantitative visualisation of the stiffness of the liver and spleen by 
means of MRI.

Contrast-enhanced MRI (CE-MRI) enhances visualisation of 
hepatic and portal venous structures and permits better assessment of 
PH (Figure 1c) (45). It allows the detection of small collateral vessels 
and the evaluation of liver perfusion by using gadolinium agents. MR 
elastography (MRE) combines MRI and low-frequency mechanical 
using to measure the liver stiffness. High sensitivity and specificity of 
MRE in detecting liver fibrosis and cirrhosis, which are closely related 
to PH, is demonstrated by MRE. MRE can give quantitative 
measurements of liver stiffness, and thus a reliable alternative to 
invasive techniques such as liver biopsy (46).

CT angiography (CTA) is a highly sensitive and specific do which 
can clearly show vascular structural change in liver and portal venous 
system. In recent years, with continuation of the development of 
multilayer spiral CT and dual energy CT technology, CTA diagnosis 
has become with higher resolution and diagnostic accuracy in 
diagnosis of liver vascular lesion (47). CTA also can detect atresia or 
absence of portal vein branches, define portal vein thrombosis and 
other cirrhosis related complications, investigate formation of 
collateral circulation (preditcting the risk of rupture and bleeding of 
oesophageal varices) by injecting contrast agent (48). High resolution 
CTA reconstruction technology, as reported by recent studies, has 
ability to more accurately identify the collateral vessels of 
oesophagogastric varices that have significance for clinical 
development of individualised treatment plans. Jiang et al. showed the 
ability of CTA in appraising the treatment efficacy of the transcatheter 
selective superior mesenteric artery (SMA) urokinase infusion 
treatment compared to transjugular intrahepatic portosystemic shunt 
(TIPS) for acute portal vein thrombosis (PVT), and it has unique 
value (49) (Figure 1d).

CT and MRI are both applied for evaluation of PH, however, have 
their respective advantages and shortcomings (50). However, MRI 
provides superior soft tissue contrast and the capability to perform 
functional imaging (MRE, perfusion) which makes it highly useful for 
the assessment of liver fibrosis and PH. Secondly, MRI is also a non 

TABLE 2  Comprehensive comparison of non-invasive techniques for PH 
assessment: TE, SWE, and DUS.

Characteristic TE SWE DUS

Technical Principle
Probe-generated 

shear-wave speed

Real-time 

shear-wave 

speed from 

US push

Spectral/colour 

Doppler blood-

flow analysis

Ease of Use

Dedicated 

device, moderate 

complexity

Same US 

session, 

minimal 

extra time

Standard US 

platform, widely 

available

Accuracy

Moderate (F4 

good; F2-F3 

limited)

High (F1–F4 

reliable)

Moderate for 

fibrosis; good for 

hemodynamic 

signs of PH

Reproducibility Moderate High

Operator- and 

patient-

dependent

Main Clinical Role
Fibrosis staging; 

PH screening

Fibrosis 

staging; PH 

screening & 

follow-up

PH screening 

(PVV, HVV), 

variceal 

surveillance

Key Limitations

Obesity, 

inflammation, 

ascites

Higher cost, 

vendor 

variation

Limited 

sensitivity for 

early fibrosis

PH, Portal Hypertension; TE, Transient Elastography; SWE, Shear Wave Elastography; DUS, 
Doppler Ultrasound; PVV, Portal Vein Velocity; HVV, Hepatic Vein Waveform.
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TABLE 3  Summary of clinical validation studies for different elastography techniques in the diagnosis of PH.

Technique Study type Key findings Diagnostic 
accuracy (%)

Notes References

TE Retrospective studies
High correlation between liver stiffness 

and PH.
80–85%

Effective for advanced fibrosis 

(F4) but limited in moderate 

fibrosis stages (F2-F3).

(14)

SWE Prospective studies
Real-time LSM with high 

reproducibility.
85–95%

Superior accuracy in 

detecting early and advanced 

fibrosis.

(91)

DUS Prospective studies
Changes in PVV and HVV correlate 

with PH.
70–80%

Useful for screening but less 

sensitive to early fibrosis.

(20)

PH, Portal Hypertension; TE, Transient Elastography; SWE, Shear Wave Elastography; DUS, Doppler Ultrasound; PVV, Portal Vein Velocity; HVV, Hepatic Vein Waveform; LSM, liver 
stiffness measurement.

FIGURE 1

Imaging and Biomarkers in PH. (a) MRI clearly visualises the portal vein and its collateral branches, including thrombi and spongy deformities, and 
measures key diameters for assessing portal pressure. Copyright 2023, Springerlink. (b) MRI-detected portal vein thrombosis compared with surgical 
findings, highlighting the challenges in interpreting small-caliber veins. Copyright 2006, WILEY. (c) Contrast-enhanced MRI demonstrating the 
confluence of the superior mesenteric vein and splenic vein, highlighting enhanced visualisation of hepatic and portal venous structures in a child with 
EHPVO. Copyright 2021, Springerlink. (d) CTA demonstrating sustained recanalization of portal vein thrombosis following transcatheter selective SMA 
urokinase infusion therapy. Copyright 2017, BPG. (e) Negative correlation between platelet counts and HVPG after HCV cure, demonstrating that 
thrombocytopenia is associated with higher portal pressure, largely due to hypersplenism and increased splenic sequestration. Copyright 2022, 
ELSEVIER. (f) Elevated levels of von Willebrand factor in the portal vein of cirrhotic patients undergoing TIPS placement compared to systemic 
circulation (jugular vein). This highlights the potential role of VWF as a biomarker in reflecting vascular changes associated with PH in cirrhosis. 
Copyright 2022, ELSEVIER.
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ionising type of radiation that reduces the radiation exposure to 
patients. MRI, however, is more expensive and less widely available 
than CT. Compared to CT, however, CT is faster and more accessible 
and is therefore appropriate for emergency applications as well as 
routine imaging. CT is also less sensitive to patient motion and 
metallic implants. This advantage is however countered by exposure 
of patients to ionising radiation, which limits its use in the population, 
especially in young patients or a group of patients requiring frequent 
follow up imaging (51).

2.3 Biomarkers and blood tests

PH has become an important condition to assess, and noninvasive 
blood tests have come to be an important tool (52). Over the last 10 to 
15 years, with a better understanding of pathophysiology of PH, there 
has been an increased interest in the role of blood markers in 
predicting and monitoring PH. Non-invasive blood tests that are 
commonly used include platelet and liver function tests which may 
give indication of the degree of the disease and the likelihood of 
PH. Platelet counts are inversely correlated with portal vein pressure 
and in most cases, thrombocytopenia occurs as a consequence of 
hypersplensin and increased splenic sequestration (Figure 1e). For 
example, a prospective study found high sensitivity and specificity 
(87.9%) for predicting the presence of oesophageal varices when 
platelet counts were below 144,000/mm3, and combined with the 
assessment of splenic size may further improve diagnostic accuracy 
(53). In addition, liver function tests—including aspartate 
aminotransferase (AST), alanine aminotransferase (ALT), and serum 
albumin—reflect the liver’s synthetic and detoxification capacity and 
are closely associated with the development of PH. Decreased albumin 
level is usually associated with hypoproteinemia, which is one of the 
common complications in patients with PH. Meanwhile, changes in 
AST and ALT levels not only reflect the degree of hepatocellular 
damage, but also indirectly indicate the presence of PH (54).

The combined use of multiple biomarkers has significantly 
improved the predictive accuracy of PH, and vascular hemophilic 
factor (vWF) and its cleavage products (e.g., vWF-N) in particular 
have attracted much attention in this field (Figure 1f) (55). vWF is a 
macromolecular mucin secreted by endothelial cells, and its level is 
closely associated with PH in cirrhotic patients (56). Studies have 
shown that elevated vWF levels reflect endothelial cell dysfunction 
and neovascularization, which are closely related to the 
pathophysiological mechanisms of PH. vWF elevation is not only 
associated with the degree of hepatic fibrosis, but also with an 
increased risk of oesophageal variceal haemorrhage and 
decompensation in cirrhotic patients. Several studies support the 
validity of vWF as a diagnostic marker for PH (57). For example, 
vWF-Ag (vWF antigen) was significantly and positively correlated 
with HVPG with high sensitivity and specificity. The levels of vWF-Ag 
in patients with CSPH were significantly higher than normal and can 
be  used as an independent predictor of the severity of PH (58). 
Diagnostic accuracy can be further improved by combining vWF with 
additional markers such as platelet count and a disintegrin and 
metalloproteinase with thrombospondin type 1 motif, member 13 
(ADAMTS13) activity (59). For instance, the combination of vWF-Ag 
and platelet count is a more accurate predictor of the presence as well 
as the severity of PH. Furthermore, the combined use of vWF-Ag and 

MELD score can be a better tool to predict the outcomes of cirrhotic 
patients (60).

Other widely studied composite biomarker models for predicting 
CSPH include the aspartate aminotransferase-to-platelet ratio index 
(APRI) and the fibrosis-4 (FIB-4) index (61). These include models 
that incorporate liver function tests, platelet count, for a global 
assessment of liver fibrosis and PH risk (62, 63). Nevertheless, in spite 
of these models, moderate accuracy, the negative predictive value is 
not very good, indicating a need for more precise 
biomarker combination.

Recent advancements have introduced novel biomarkers, such 
as dipeptidyl peptidase-3 (DPP-3) and bile acid metabolites, 
which have shown potential in further refining the prediction of 
PH [64; 65]. These biomarkers, when combined with established 
tests like LSM (e.g., via TE) (64), have demonstrated enhanced 
diagnostic performance, offering a more nuanced 
understanding of PH.

3 Clinical applications

3.1 Screening and early detection

In routine hepatology clinics, the first decision point is whether a 
patient with cACLD (METAVIR F3–F4) can safely skip screening 
endoscopy. The Baveno VII consensus offers two evidence-based 
algorithms. Using the classic rule (transient elastography [TE] < 20 kPa 
and platelet count > 150 × 109 L−1) classifies 60–70% of patients as 
low-risk for CSPH (HVPG ≥ 10 mmHg), with a pooled negative 
predictive value of 95% and AUROC 0.84 (Grade A, 16-study meta-
analysis, n = 2,841) (10). The extended Baveno VII criteria 
(TE < 25 kPa and platelet > 110 × 109 L−1) captures an additional 10% 
of low-risk patients while maintaining an NPV of 92% (Grade A) (65). 
In addition to reducing the risk of procedure-related complications, 
these criteria allow low-risk patients to avoid screening endoscopy 
while enabling more frequent surveillance and earlier detection of 
PH-related complications in those who remain at risk (Table 4).

Obese or diabetic patients with NASH-related cirrhosis represent 
a rapidly growing cohort. Two large prospective studies (n = 312) have 
shown that 2-D shear-wave elastography ≥ 9.5 kPa or magnetic 
resonance elastography ≥ 3.63 kPa identifies CSPH with AUROC 0.88 
and 0.90, respectively (Grade B) (66, 67); ongoing multi-centre 
validation (NCT04832758) aims to confirm these thresholds for 
formal guideline adoption.

After sustained virological response (SVR), clinicians need to 
decide whether portal hypertension has regressed sufficiently to 
withhold further therapy. A 24-week TE follow-up study (n = 211) 
demonstrated that a ≥ 30% decrease from baseline or an absolute 
value < 12 kPa predicts a ≥ 10% reduction in HVPG with AUROC 
0.83 (Grade B) (68), providing an evidence-based trigger to 
discontinue invasive pressure monitoring.

Acoustic radiation force impulse imaging (ARFI) and 2-D SWE 
yield AUROC 0.79–0.85 for CSPH in early validation cohorts (69–71), 
while 3-D hepatic-vein computational-fluid-dynamics modelling has 
achieved 88% sensitivity and 86% specificity for CSPH using vascular 
geometry alone (n = 94). These techniques are currently confined to 
tertiary centres with appropriate software and await larger prospective 
trials before guideline inclusion.
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3.2 Monitoring and management

Non-invasive techniques play a crucial role in the longitudinal 
monitoring of PH in cirrhotic patients, mainly including TE, 
magnetic resonance elastography (MRE) and spleen stiffness 
measurement (SSM). Of these, TE is one of them, which, because of 
its convenience and noninvasiveness, is able to frequently monitor the 
status of the transplanted liver and notify of complications before it 
becomes a catastrophe, greatly lowering the lifespan. Specifically, TE 
can be  used to assess the trend of postoperative liver fibrosis, 
providing an important reference for the need of antiviral therapy 
(Figure  2a) (72). In addition, TE also demonstrates significant 
advantages in the monitoring of acute cellular rejection (ACR). 
Through the change of LSM value, TE can reflect the severity of 
rejection, help early intervention, and buy valuable treatment time for 
patients (73, 74).

Nevertheless, the clinical impact of TE, MRE and SSM hinges on 
strict alignment with defined time-windows, patient phenotypes and 
validated thresholds. In liver-transplant recipients, two such windows 
dominate. First, from post-operative month 1 to month 12—and every 
6 months thereafter—TE is used to screen for fibrotic relapse. Second, 
within the first 6 months after transplantation, even subtle ALT/AST 
elevations prompt a TE study to exclude early ACR.

With continuous technological advancements, the imaging 
sequences of MRE have been significantly optimised. For example, the 
advent of three-dimensional MRE technology combined with spin-
echo echo-planar imaging (SE-EPI) has brought new possibilities. It 
improves a signal to noise ratio and spatial resolution (Figure 2b). This 
technology uses a variable flip angle pulse train design, effectively (75). 
At the same time, the development of new types of equipment has also 
added new vigour into MRE’s evolution. For example, improved 
patient comfort provided by the novel devices, such as rectangular, 
flexible, and soft pneumatic actuators, along with drastic increase of 

measurement precision has made the MRE much advantageous in the 
clinical applications (76).

As for Splenic stiffness measurement (SSM), multiple studies have 
correlated SSM closely with HVPG. For instance, one study 
demonstrated that the correlation coefficient between SSM at 100 Hz 
and HVPG was 0.71 (p < 0.001), while the correlation coefficient for 
liver stiffness measurement (LSM) was only 0.17 (p = 0.97) (77). That 
is, SSM could better predict HVPG and is utilised to assess the 
PH. Another study also found that the strong correlation between 
SSM and HVPG marked it as a unique contribution to the assessment 
of PH (Figure 2c) (78). However, it should be noted that when SSM is 
combined with other non-invasive markers of PH (like platelet count), 
the risk stratification of PH becomes even more precise and diagnostic 
uncertainty is lowered. In clinical practice, dynamic monitoring of 
SSM can also be used to evaluate treatment efficacy and provide a 
solid basis for individualised treatment plans, thereby assisting 
clinicians in devising more precise therapeutic strategies for patients.

3.3 Integration into clinical guidelines

The integration of non-invasive techniques into clinical guidelines 
for the management of PH has been a significant advancement in 
recent years. The Practise Guidance of the American Association for 
the Study of Liver Disease (AASLD) of 2024 recommends the use of 
non-invasive examinations to detect CSPH and early NSBBs use when 
CSPH was identified. Its purpose is to prevent the first decompensation 
and to decrease the probability of variceal bleeding. The guidelines 
also highlight the importance of personalised approaches, such as 
using the “rule of 5” for non-invasive selection of candidates for early 
NSBB therapy to avoid screening endoscopy (61).

The future directions of clinical guidelines will be towards future 
validation and refinement of noninvasive tools for the diagnosis of 

TABLE 4  Application of non-invasive techniques in hepatic cirrhosis screening.

Technique Detection parameters Clinical application Advantages References

Platelet Count Platelet levels Assessing the risk of PH

Non-invasive, rapid, highly 

repeatable, suitable for initial 

screening

(65)

Liver Function Tests
ALT, AST, bilirubin, albumin, 

etc.
Assessing liver function status

Non-invasive, dynamic 

monitoring, aids in evaluating 

the severity of cirrhosis

(10)

TE Liver stiffness
Assessing the degree of hepatic 

fibrosis and cirrhosis

Non-invasive, easy to operate, 

highly repeatable

(27)

Ultrasound Elastography Liver stiffness, portal blood flow
Assessing the degree of hepatic 

fibrosis and PH

Non-invasive, visual, suitable for 

primary care hospitals

(27)

MRE Liver stiffness
Assessing the degree of hepatic 

fibrosis and cirrhosis

High precision, not affected by 

BMI, but higher cost

(41)

MRI-PDFF Liver fat content
Assessing hepatic steatosis and 

fibrosis risk

High precision, quantitative 

assessment, but requires high-

end equipment

(41)

Biomarker Scoring (e.g., 

NAFLD Fibrosis Score)

Age, BMI, platelet count, 

albumin, AAR (AST/ALT 

ratio), etc.

Predicting the degree of hepatic 

fibrosis, reducing the need for 

liver biopsy

Non-invasive, combines 

multiple indicators to improve 

diagnostic accuracy

(65)

PH, Portal Hypertension; TE, Transient Elastography; MRE, Magnetic Resonance Elastography; MRI-PDFF, Proton Density Fat Fraction; NAFLD, Non-Alcoholic Fatty Liver Disease; AST, 
Aspartate Aminotransferase; ALT, Alanine Aminotransferase Ratio.

https://doi.org/10.3389/fmed.2025.1647629
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Gao et al.� 10.3389/fmed.2025.1647629

Frontiers in Medicine 07 frontiersin.org

disseminated malignancies in the future. This therefore entails not 
only cutpoint validation for each of a variety of advanced imaging 
techniques including MRE and shear wave elastography, but also 
systematic validation of CSPH estimates from these techniques. 
Moreover, although most patients with portal hypertension have an 
excellent clinical prognosis, there is worth in looking for non-invasive 
methods to monitoring changes in HVPG and identifying conditions 
under which clinical recompensation can occur, and thereby permit 
use of strategies for de-escalation of HVPG monitoring and therapy 
in patients with portal hypertension.

Thus, PH is now of great interest in terms of application of 
personalised medicine in PH. With the combination of advanced 
biomarker and imaging based on non-invasive techniques we are now 
able to undertake customised treatment of an individual’s risk profile. 
To predict the risk of CSPH, the ANTICIPATE-CSPH model had been 
developed using noninvasive predictors. Ongoing efforts are being 
made to refine these models for specific patient populations, such as 
those with NASH (17).

Moreover, personalised approaches may involve the use of novel 
pharmacological agents, such as statins, which have shown promise in 
reducing HVPG and improving survival in patients with cirrhosis. 
Future research will focus on confirming the safety and efficacy of 

these agents, particularly in combination with existing therapies like 
NSBBs (79, 80) (Table 5).

4 Challenges and future directions

4.1 Technical limitations

Despite significant advancements in non-invasive diagnostic 
techniques for PH, challenges remain regarding accuracy and 
reproducibility. Obesity and ascites are critical factors affecting the 
accuracy of ultrasound elastography (81). In obese patients, the higher 
attenuation of low-frequency shear waves by adipose tissue leads to a 
higher rate of failed measurements. For instance, FibroScan has a 
failure rate of up to 22–25% in patients with a BMI greater than 30 kg/
m2 (82). Ascites can further interfere with the propagation of 
ultrasound waves, reducing the reliability of measurements.

For example, these results depend on inconsistency in operator 
skill and experience. This has been shown to be  influenced by 
subjective perceiver perception, the probe pressure, and region of 
interest (ROI) selection, but measures the quantities of interest. 
For example, experience of the operator and measurement 

FIGURE 2

Dynamic Monitoring and Diagnostic Advancements in Liver Fibrosis and PH. (a) Over time, the likelihood of fibrosis regression gradually increases, 
highlighting the dynamic monitoring capabilities of TE. Copyright 2022, ELSEVIER. (b) The consistency of liver stiffness (LS) values measured by spin-
echo echoplanar imaging-based magnetic resonance elastography (SE-EPI-MRE) and gradient-recalled echo-based MRE (GRE-MRE) is demonstrated. 
This highlights the technical advancements of SE-EPI-MRE, which enhance diagnostic accuracy through improved signal-to-noise ratio and spatial 
resolution. Copyright 2017, Springerlink. (c) There is a significant positive correlation between SSM and HVPG. Copyright 2024, Springerlink.
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TABLE 5  Application and future directions of non-invasive techniques in the management of PH.

Theme Content Detailed description

Current Status of Non-Invasive Techniques

Integration of Techniques

The 2024 AASLD guidelines recommend using non-invasive assessments to identify CSPH. These techniques include: 1. “5-

Rule”: A non-invasive parameter-based assessment method for screening candidates for early NSBB therapy, avoiding 

unnecessary screening endoscopy. 2. Biomarkers Combined with Imaging: By combining blood biomarkers (such as liver 

function indicators, inflammatory markers) and imaging techniques (such as liver ultrasound, CT), the presence and severity of 

PH are preliminarily assessed.

Clinical Application

The main goals of non-invasive techniques are: 1. Early Identification of CSPH: To identify high-risk patients as early as possible 

through non-invasive means, so as to initiate preventive treatment (such as NSBBs) in time and reduce the risk of variceal 

bleeding and decompensation. 2. Reducing the Use of Invasive Examinations: To avoid unnecessary endoscopy, reduce patient 

suffering and medical costs, and at the same time, reduce the risk of complications that may be caused by invasive examinations.

Future Validation Directions

Technique Validation and Optimization

Future guidelines will focus on the systematic validation of non-invasive diagnostic tools, including: 1. MRE: By assessing liver 

stiffness to indirectly estimate portal pressure. Future research will focus on determining the diagnostic cut-off points of MRE to 

more accurately identify CSPH. 2. SWE: An ultrasound imaging technique that can measure liver stiffness in real-time. Research 

will further optimise the parameter settings and diagnostic thresholds of SWE to enhance its clinical application value.

Monitoring and Decompensation Assessment

Research will focus on developing non-invasive methods to monitor changes in HVPG, with the goals of: 1. Confirming the 

Threshold for Clinical Decompensation: Using non-invasive means to determine the critical values of HVPG changes, so as to 

adjust treatment plans in a timely manner. 2. Reducing Monitoring Intensity: Avoiding frequent invasive HVPG measurements 

to reduce patient burden and medical costs.

Precision Assessment and Treatment

Non-invasive techniques combined with biomarkers and imaging provide a basis for personalised medicine, including: 1. Risk 

Prediction Models: Such as the ANTICIPATE-CSPH model, which uses non-invasive parameters to predict the risk of CSPH 

occurrence and provides early intervention for high-risk patients. 2. Personalised Treatment Plans: Formulating individualised 

treatment strategies based on the patient’s liver disease aetiology (such as non-alcoholic fatty hepatitis), liver function status, and 

the degree of PH.

Potential for Personalised Medicine Application of Novel Drugs

Research is exploring the potential of novel drugs (such as statins) in reducing HVPG and improving survival rates in patients 

with cirrhosis. Future research will focus on: 1. Safety and Efficacy of Drugs: Conducting clinical trials to verify the safety and 

efficacy of novel drugs in different patient populations. 2. Combined Therapy Strategies: Investigating the combined application 

of novel drugs with existing treatments (such as NSBBs) to explore their synergistic effects in reducing PH and improving 

prognosis.

PH, Portal Hypertension; CSPH, clinically significant portal hypertension; NSBB, non-selective beta-blocker; MRE, Magnetic Resonance Elastography; SWE, Shear Wave Elastography; HVPG, hepatic venous pressure gradient; AASLD, American Association for the 
Study of Liver Disease.
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situation may generally greatly condition TE and SWE 
reproduction. Moderation fibrosis (F2–F3) may perform 
ultrasound elastography at the lower level of sensitivity and 
specificity. For example, TE is 76% sensitive and 88% specific in 
the diagnosis of moderate fibrosis (83). Although SWE has proved 
to be  very accurate for measurement of liver fibrosis, hepatic 
congestion and cholestasis can still influence SWE 
measurements (84).

Other variables that can also influence the results of ultrasound 
elastography include the degree of hepatic inflammation, alcohol 
consumption and extrahepatic factors, for example, heart failure (85, 
86). However, ongoing research is placed on these limitations in these 
techniques and protocols to substantiate this need for refinement of 
techniques and protocols to improve the reliability and accuracy of 
these noninvasive assessments across a variety of clinical settings (87).

4.2 Clinical validation

Large scale multicenter studies are needed to fully establish the 
clinical application value of non-invasive diagnostic techniques in 
PH. Such studies can yield reliable data for the diagnostic accuracy, 
sensitivity and specificity of various noninvasive methods and 
facilitate their general propagation (77, 88).

While the clinical application of these techniques appears to 
be feasible for some, further validation of their use is still needed to 
prove diagnostic potential from noninvasive data available from 
existing data. For instance, MRE and dynamic contrast-enhanced 
MRE (DCE-MRE) have shown promise in initial studies (89), but 
their clinical utility needs to be  validated in larger cohorts. 
Furthermore, although MRE has had success for evaluating liver 
fibrosis and disease (90), the inherent high cost and high hardware 
requirements of MRE prevent its widespread use in clinical practise.

To be more generalizable with respect to health care systems and 
patient populations, multicenter studies become important. However, 
comparison with other (particularly noninvasive) techniques is 
needed to validate the application. However, correlation of liver 
stiffness and spleen stiffness with PH has been demonstrated but there 
are multicentre studies yet to be validated for prediction by these 
indicators (91, 92).

This also leads to current research in which non-invasive 
diagnostic techniques cannot yet be  safely applied in specific 
populations. In certain populations with human immunodeficiency 
virus (HIV) / hepatitis C virus (HCV) coinfection, non-alcoholic fatty 
liver disease or alcoholic cirrhosis, the effectiveness of non-invasive 
techniques may vary (93, 94). For these techniques to be considered 
useful and effective on a multicenter basis, the patient populations 
need to have varying etiologies, ethnicities, and disease stages.

4.3 Emerging technologies

Ideas of artificial intelligence (AI) and machine learning (ML) 
have improved the noninvasive diagnosis of PH significantly (95), as 
the AI algorithms can scan imaging exams and blood tests to detect 
very small changes, which a human may not realise. Therefore, deep 
convolutional neural networks (CNNs) have offered much potential 
for recognition of CSPH patients on CT or MRI images with greater 

accuracy, in comparison with the conventional diagnostic 
methods (96).

Furthermore, with some relatively recent studies, AI has also been 
used to analyse CSPH patients’ liver vascular reorganisation, and it 
was found that CSPH patients have some unique redistribution of liver 
vascular (97). Based on these findings, new state of the art models 
were built, and the AI models trained reached and exceeded the 
standard of care diagnostic performance. Moreover, machine learning 
models help increase diagnostic accuracy by their capacity to 
differentiate minimal differences in measurements of liver stiffness or 
blood biomarkers that are linked with PH (98, 99) (Table 6).

While these technologies are increasingly used, incorporating data 
standardisation, algorithm transparency, and all types of ethical 
concerns, in particular, those related to data protection and data 
security, remains to be solved. Future research on shaking off these 
challenges is necessary to realise the extended potential of AI and ML 
in the noninvasively diagnosis of PH (100, 101).

5 Conclusion

Finally, significant and potential advances in clinical application 
have already been achieved for the noninvasive techniques for PH 
diagnosis. TE, SWE, Doppler ultrasound and with sophisticated 
imaging tools (MR, CT) have been utilised circumstantially with 
promising accuracy and reproducibility in detecting and monitoring 
PH. In addition, these non-invasive methods have become much more 
powerful in terms of diagnostic using biomarkers such as von 
Willebrand factor. Because of that and because they represent valuable 
alternatives to invasive procedures that cause patient discomfort and 
complications, they are also typically used.

They have the potential of building a revolution in clinical 
practise, in patient care and in resource utilisation as non-invasive 
techniques. These methods would allow for early detection and 
longitudinal PH monitoring and earlier interventions to promote 
patients’ outcomes and prevent complications, such as variceal 
bleeding and ascites, which are an outcome of PH. In addition, clinical 
workflows are facilitated by using non-intrusive techniques that allow 
reduction in invasive procedures such as HVPG measurement and 
hence better allocation and a better resource efficiency of healthcare. 
Additionally, they showcase the clinical benefits of the advancements 
via personalisation of the treatment plans that are thus guided by 
individual patient profiles.

However, there are still many ways to make progress and the 
clinical validation in these extensions can be  justified. Since 
validation of such non-invasive techniques necessarily must be large 
scale, multicentre and cover a clinically relevant range of patient 
population, the parameters of sensitivity, specificity, and the 
positive and negative predictive values are the necessary ones to 
provide. The widespread use will benefit from standardisation of 
protocols and harmonisation of diagnostic platforms in order to 
increase consistency. Furthermore, the diagnostic precision is 
augmented and the diagnostic model is integrated using such 
emerging technologies such as the artificial intelligence, respectively 
machine learning. In addition, future research should focus on 
evaluation of long term effect on patient outcomes and health care 
costs to enabling this method to be  embedded in the 
clinical guidelines.
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Notwithstanding these encouraging perspectives, several 
practical limitations remain. Elastography (TE/SWE) can yield 
unreliable results in patients with ascites, obesity, or acute 
inflammation, resulting in non-diagnostic studies in roughly 
10–15% of cases. MR- and CT-based pressure estimations are 
highly sensitive to acquisition protocols and post-processing 
choices, leading to vendor- and centre-specific cut-offs that 
hinder universal applicability. Biomarkers such as von Willebrand 
factor, while additive, lack liver specificity and may be confounded 
by systemic endothelial dysfunction in heart failure or sepsis, 
thereby lowering specificity. Lastly, most existing validation 
cohorts are small or single-centre; multicentre studies report 
broader confidence intervals for sensitivity and specificity, 
emphasising the need for larger, harmonised datasets before 
routine clinical adoption can be recommended.
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TABLE 6  Known biomarkers for portal hypertension (PH)—summary of clinical relevance.

Biomarker / test Normal range Clinical relevance & cut-off for 
PH

References

Liver stiffness (TE) <7 kPa
>17 kPa → high probability of CSPH (HVPG 

≥10 mmHg)

(10, 36)

Liver stiffness (SWE) <7 kPa
≥9.5 kPa → CSPH in NASH cirrhosis (AUROC 

0.88)

(66, 67)

Spleen stiffness (SSM, 100 Hz) <18 kPa ≥46.8 kPa → CSPH (r = 0.71 vs. HVPG) (77, 78)

Platelet count 150–400 × 109 L−1
<110 × 109 L−1 → high PH risk (Baveno VII 

extended criteria)

(10, 65)

APRI <0.5 >1.0 → advanced fibrosis & PH risk (61, 62)

FIB-4 index <1.30 (age <65 yr) >2.67 → advanced fibrosis & PH risk (61, 63)

vWF-Ag 50–160%
>200% → CSPH (independent predictor, AUROC 

0.83)

(56, 58)

ADAMTS13 activity ≥50%
<30% plus vWF↑ → higher bleeding/

decompensation risk

(59)

AST/ALT ratio (AAR) <1 >1 → fibrosis progression & PH risk (61)

Albumin 35–50 g L−1
<35 g L−1 → decompensation risk, correlates with 

PH severity

(54)

Bile acid profile Total <10 μmol L−1 Elevated conjugated bile acids → portal pressure ↑ (102)

DPP-3 <130 ng mL−1
↑ levels correlate with HVPG and circulatory 

dysfunction

(103)

PH, Portal Hypertension; TE, Transient Elastography; kPa, kilopascal; CSPH, Clinically Significant Portal Hypertension; HVPG, Hepatic Venous Pressure Gradient; SWE, Shear Wave 
Elastography; NASH, Non-Alcoholic Steatohepatitis; SSM, Spleen Stiffness Measurement; Hz, Hertz; LSM, Liver Stiffness Measurement; PV, Portal Vein; PLT, Platelet count; APRI, AST-to-
Platelet Ratio Index; FIB-4, Fibrosis-4 Index; vWF-Ag, von Willebrand Factor Antigen; ADAMTS13, A Disintegrin And Metalloproteinase with ThromboSpondin type 1 motif, member 13; 
AST, Aspartate Aminotransferase; ALT, Alanine Aminotransferase; AAR, AST/ALT Ratio; g L−1, grams per litre (albumin units); μmol L−1, micromoles per litre (bile acid units); DPP-3, 
Dipeptidyl Peptidase-3; ng mL−1, nanograms per millilitre (DPP-3 units).

https://doi.org/10.3389/fmed.2025.1647629
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Gao et al.� 10.3389/fmed.2025.1647629

Frontiers in Medicine 11 frontiersin.org

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
	1.	Guixé-Muntet S, Quesada-Vázquez S, Gracia-Sancho J. Pathophysiology and 

therapeutic options for cirrhotic portal hypertension. Lancet Gastroenterol Hepatol. 
(2024) 9:646–63. doi: 10.1016/S2468-1253(23)00438-7

	2.	Tsochatzis EA, Bosch J, Burroughs AK. Liver cirrhosis. Lancet. (2014) 383:1749–61. 
doi: 10.1016/S0140-6736(14)60121-5

	3.	Iwakiri Y. Pathophysiology of portal hypertension. Clin Liver Dis. (2014) 18:281–91. 
doi: 10.1016/j.cld.2013.12.001

	4.	Lyu C, Kong W, Liu Z, Wang S, Zhao P, Liang K, et al. Advanced glycation end-
products as mediators of the aberrant crosslinking of extracellular matrix in scarred liver 
tissue. Nat Biomed Eng. (2023) 7:1437–54. doi: 10.1038/s41551-023-01019-z

	5.	Wallace K, Burt AD, Wright MC. Liver fibrosis. Biochem J. (2008) 411:1–18. doi: 
10.1042/BJ20071570

	6.	Gracia-Sancho J, Marrone G, Fernández-Iglesias A. Hepatic microcirculation and 
mechanisms of portal hypertension. Nat Rev Gastroenterol Hepatol. (2019) 16:221–34. 
doi: 10.1038/s41575-018-0097-3

	7.	Simonetto DA, Liu M, Kamath PS. Portal hypertension and related complications: 
diagnosis and management. Mayo Clin Proc. (2019) 94:714–26. doi: 
10.1016/j.mayocp.2018.12.020

	8.	Johansen K, Helton WS. Portal hypertension and bleeding esophageal varices. Ann 
Vasc Surg. (1992) 6:553–61. doi: 10.1007/BF02000830

	9.	Nardelli S, Riggio O, Marra F, Gioia S, Saltini D, Bellafante D, et al. Episodic overt 
hepatic encephalopathy after transjugular intrahepatic portosystemic shunt does not 
increase mortality in patients with cirrhosis. J Hepatol. (2024) 80:596–602. doi: 
10.1016/j.jhep.2023.11.033

	10.	de Franchis R, Bosch J, Garcia-Tsao G, Reiberger T, Ripoll C. Baveno VII  - 
renewing consensus in portal hypertension. J Hepatol. (2022) 76:959–74. doi: 
10.1016/j.jhep.2021.12.022

	11.	Veldhuijzen van Zanten D, Buganza E, Abraldes JG. The role of hepatic venous 
pressure gradient in the Management of Cirrhosis. Clin Liver Dis. (2021) 25:327–43. 
10.1016/j.cld.2021.01.002

	12.	Cueto-Robledo G, Tapia-Paredes A, Garcia-Cesar M, Torres-Rojas MB, Flores-
Romero RA, Roldan-Valadez E. Evaluation of hepatic hemodynamics (hepatic venous 
pressure gradient) during right heart catheterization: a comprehensive review. Curr 
Probl Cardiol. (2022) 47:101278. doi: 10.1016/j.cpcardiol.2022.101278

	13.	Rodrigues SG, Delgado MG, Stirnimann G, Berzigotti A, Bosch J. Hepatic venous 
pressure gradient: measurement and pitfalls. Clin Liver Dis. (2024) 28:383–400. doi: 
10.1016/j.cld.2024.03.009

	14.	Rana R, Wang S, Li J, Basnet S, Zheng L, Yang C. Diagnostic accuracy of non-
invasive methods detecting clinically significant portal hypertension in liver cirrhosis: 
a systematic review and meta-analysis. Minerva Med. (2020) 111:266–80. doi: 
10.23736/S0026-4806.19.06143-3

	15.	de Franchis R, Dell'Era A. Invasive and noninvasive methods to diagnose portal 
hypertension and esophageal varices. Clin Liver Dis. (2014) 18:293–302. doi: 
10.1016/j.cld.2013.12.002

	16.	Anstee QM, Castera L, Loomba R. Impact of non-invasive biomarkers on 
hepatology practice: past, present and future. J Hepatol. (2022) 76:1362–78. doi: 
10.1016/j.jhep.2022.03.026

	17.	Jachs M, Hartl L, Simbrunner B, Semmler G, Balcar L, Hofer BS, et al. Prognostic 
performance of non-invasive tests for portal hypertension is comparable to that of hepatic 
venous pressure gradient. J Hepatol. (2024) 80:744–52. doi: 10.1016/j.jhep.2023.12.028

	18.	Sonderup MW, Kamath PS, Awuku YA, Desalegn H, Gogela N, Katsidzira L, et al. 
Managing cirrhosis with limited resources: perspectives from sub-Saharan Africa. 
Lancet Gastroenterol Hepatol. (2024) 9:170–84. doi: 10.1016/S2468-1253(23)00279-0

	19.	Cannella R, Giambelluca D, Pellegrinelli A, Cabassa P. Color doppler ultrasound 
in portal hypertension: a closer look at left gastric vein hemodynamics. J Ultrasound 
Med. (2021) 40:7–14. doi: 10.1002/jum.15386

	20.	Kok T, van der Jagt EJ, Haagsma EB, Bijleveld CM, Jansen PL, Boeve WJ. The value 
of doppler ultrasound in cirrhosis and portal hypertension. Scand J Gastroenterol Suppl. 
(1999) 230:82–8.

	21.	Chakrabarti R, Sen D, Khanna V. Is non-invasive diagnosis of esophageal varices 
in patients with compensated hepatic cirrhosis possible by duplex doppler 
ultrasonography? Indian J Gastroenterol. (2016) 35:60–6. doi: 10.1007/s12664-016-0630-7

	22.	Peltec A, Sporea I. Multiparametric ultrasound as a new concept of assessment of 
liver tissue damage. World J Gastroenterol. (2024) 30:1663–9. doi: 
10.3748/wjg.v30.i12.1663

	23.	Piscaglia F, Salvatore V, Mulazzani L, Cantisani V, Schiavone C. Ultrasound shear 
wave elastography for liver disease. A critical appraisal of the many actors on the stage. 
Ultraschall Med. (2016) 37:1–5. doi: 10.1055/s-0035-1567037

	24.	Voiculescu M, Pop A, Romoşan I. Conventional spectral doppler and color 
doppler ultrasound imaging. Principles, limitations, artifacts and clinical indications in 
hepatology. Rom J Intern Med. (1992) 30:139–55.

	25.	Ergelen R, Yilmaz Y, Asedov R, Celikel C, Akin H, Bugdayci O, et al. Comparison 
of doppler ultrasound and transient elastography in the diagnosis of significant fibrosis 
in patients with nonalcoholic steatohepatitis. Abdom Radiol (NY). (2016) 41:1505–10. 
doi: 10.1007/s00261-016-0699-6

	26.	Gaspari R, Teofili L, Mignani V, Franco A, Valentini CG, Cutuli SL, et al. Duplex 
doppler evidence of high hepatic artery resistive index after liver transplantation: role 
of portal hypertension and clinical impact. Dig Liver Dis. (2020) 52:301–7. doi: 
10.1016/j.dld.2019.10.017

	27.	Ferraioli G, Wong VW, Castera L, Berzigotti A, Sporea I, Dietrich CF, et al. Liver 
ultrasound elastography: An update to the world Federation for Ultrasound in medicine 
and biology guidelines and recommendations. Ultrasound Med Biol. (2018) 44:2419–40. 
doi: 10.1016/j.ultrasmedbio.2018.07.008

	28.	Uzlova N, Mnozil Stridova K, Merta D, Rychlik I, Frankova S. Transient 
elastography as the first-line assessment of liver fibrosis and its correlation with serum 
markers. Medicina (Kaunas). (2023) 59:752. doi: 10.3390/medicina59040752

	29.	Ozturk A, Olson MC, Samir AE, Venkatesh SK. Liver fibrosis assessment: MR and 
US elastography. Abdom Radiol (NY). (2022) 47:3037–50. doi: 
10.1007/s00261-021-03269-4

	30.	Luo H, Peng S, Ouyang W, Tan Y, Jiang T, Tang L, et al. Assessment of liver fibrosis 
by transient elastography and multi-parameters model in young children with chronic 
hepatitis B virus infection. BMC Infect Dis. (2022) 22:160. doi: 10.1186/s12879-022-07142-7

	31.	Liang XE, Chen YP. Clinical application of vibration controlled transient 
elastography in patients with chronic hepatitis B. J Clin Transl Hepatol. (2017) 5:368–75. 
doi: 10.14218/JCTH.2017.00006

	32.	Newsome PN, Sasso M, Deeks JJ, Paredes A, Boursier J, Chan WK, et al. 
FibroScan-AST (FAST) score for the non-invasive identification of patients with non-
alcoholic steatohepatitis with significant activity and fibrosis: a prospective derivation 
and global validation study. Lancet Gastroenterol Hepatol. (2020) 5:362–73. doi: 
10.1016/S2468-1253(19)30383-8

	33.	Patel K, Sebastiani G. Limitations of non-invasive tests for assessment of liver 
fibrosis. JHEP Rep. (2020) 2:100067. doi: 10.1016/j.jhepr.2020.100067

	34.	Shimizu M, Suzuki K, Kato K, Jojima T, Iijima T, Murohisa T, et al. Evaluation of the 
effects of dapagliflozin, a sodium-glucose co-transporter-2 inhibitor, on hepatic steatosis 
and fibrosis using transient elastography in patients with type 2 diabetes and non-alcoholic 
fatty liver disease. Diabetes Obes Metab. (2019) 21:285–92. doi: 10.1111/dom.13520

	35.	Corpechot C, Carrat F, Gaouar F, Chau F, Hirschfield G, Gulamhusein A, et al. 
Liver stiffness measurement by vibration-controlled transient elastography improves 
outcome prediction in primary biliary cholangitis. J Hepatol. (2022) 77:1545–53. doi: 
10.1016/j.jhep.2022.06.017

	36.	Siddiqui MS, Vuppalanchi R, Van Natta ML, Hallinan E, Kowdley KV, Abdelmalek 
M, et al. Vibration-controlled transient elastography to assess fibrosis and steatosis in 
patients with nonalcoholic fatty liver disease. Clin Gastroenterol Hepatol. (2019) 
17:156–163.e2. doi: 10.1016/j.cgh.2018.04.043

	37.	Wahl K, Rosenberg W, Vaske B, Manns MP, Schulze-Osthoff K, Bahr MJ, et al. Biopsy-
controlled liver fibrosis staging using the enhanced liver fibrosis (ELF) score compared to 
transient elastography. PLoS One. (2012) 7:e51906. doi: 10.1371/journal.pone.0051906

	38.	Furlan A, Tublin ME, Yu L, Chopra KB, Lippello A, Behari J. Comparison of 2D 
shear wave elastography, transient elastography, and MR elastography for the diagnosis 
of fibrosis in patients with nonalcoholic fatty liver disease. AJR Am J Roentgenol. (2020) 
214:W20–w26. doi: 10.2214/AJR.19.21267

	39.	Zayadeen A.R., Hijazeen S., Smadi M., Comparing shear wave elastography with 
liver biopsy in the assessment of liver fibrosis at king Hussein medical center. Egypt Liver 
Journal (2022) 12:24.

	40.	Zhu YL, Ding H, Fu TT, Peng SY, Chen SY, Luo JJ, et al. Portal hypertension in 
hepatitis B-related cirrhosis: diagnostic accuracy of liver and spleen stiffness by 2-D 
shear-wave elastography. Hepatol Res. (2019) 49:540–9. doi: 10.1111/hepr.13306

https://doi.org/10.3389/fmed.2025.1647629
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/S2468-1253(23)00438-7
https://doi.org/10.1016/S0140-6736(14)60121-5
https://doi.org/10.1016/j.cld.2013.12.001
https://doi.org/10.1038/s41551-023-01019-z
https://doi.org/10.1042/BJ20071570
https://doi.org/10.1038/s41575-018-0097-3
https://doi.org/10.1016/j.mayocp.2018.12.020
https://doi.org/10.1007/BF02000830
https://doi.org/10.1016/j.jhep.2023.11.033
https://doi.org/10.1016/j.jhep.2021.12.022
https://doi.org/10.1016/j.cpcardiol.2022.101278
https://doi.org/10.1016/j.cld.2024.03.009
https://doi.org/10.23736/S0026-4806.19.06143-3
https://doi.org/10.1016/j.cld.2013.12.002
https://doi.org/10.1016/j.jhep.2022.03.026
https://doi.org/10.1016/j.jhep.2023.12.028
https://doi.org/10.1016/S2468-1253(23)00279-0
https://doi.org/10.1002/jum.15386
https://doi.org/10.1007/s12664-016-0630-7
https://doi.org/10.3748/wjg.v30.i12.1663
https://doi.org/10.1055/s-0035-1567037
https://doi.org/10.1007/s00261-016-0699-6
https://doi.org/10.1016/j.dld.2019.10.017
https://doi.org/10.1016/j.ultrasmedbio.2018.07.008
https://doi.org/10.3390/medicina59040752
https://doi.org/10.1007/s00261-021-03269-4
https://doi.org/10.1186/s12879-022-07142-7
https://doi.org/10.14218/JCTH.2017.00006
https://doi.org/10.1016/S2468-1253(19)30383-8
https://doi.org/10.1016/j.jhepr.2020.100067
https://doi.org/10.1111/dom.13520
https://doi.org/10.1016/j.jhep.2022.06.017
https://doi.org/10.1016/j.cgh.2018.04.043
https://doi.org/10.1371/journal.pone.0051906
https://doi.org/10.2214/AJR.19.21267
https://doi.org/10.1111/hepr.13306


Gao et al.� 10.3389/fmed.2025.1647629

Frontiers in Medicine 12 frontiersin.org

	41.	Palaniyappan N, Cox E, Bradley C, Scott R, Austin A, O'Neill R, et al. Non-invasive 
assessment of portal hypertension using quantitative magnetic resonance imaging. J 
Hepatol. (2016) 65:1131–9. doi: 10.1016/j.jhep.2016.07.021

	42.	Zhang QW, Wang Y, Wang J, Zhao HB, Yu H, Liu SY, et al. A non-invasive 
magnetic resonance imaging-based model predicts portal venous pressure. J Dig Dis. 
(2016) 17:175–85. doi: 10.1111/1751-2980.12325

	43.	Thornburg B, Desai K, Hickey R, Kulik L, Ganger D, Baker T, et al. Portal vein 
recanalization and Transjugular intrahepatic portosystemic shunt creation for chronic 
portal vein thrombosis: technical considerations. Tech Vasc Interv Radiol. (2016) 
19:52–60. doi: 10.1053/j.tvir.2016.01.006

	44.	Shah TU, Semelka RC, Voultsinos V, Elias J Jr, Altun E, Pamuklar E, et al. Accuracy 
of magnetic resonance imaging for preoperative detection of portal vein thrombosis in 
liver transplant candidates. Liver Transpl. (2006) 12:1682–8. doi: 10.1002/lt.20873

	45.	Kumar A, Saxena AK, Bhatia A, Lal S, Rana P, Bawa M, et al. Comparison of 
unenhanced and contrast-enhanced 3 T magnetic resonance portovenography in 
children with extra hepatic portal venous obstruction. Abdom Radiol (NY). (2021) 
46:3917–26. doi: 10.1007/s00261-021-03064-1

	46.	Tien PC, Duarte M, Roque A, Price J. MRE and ELF in liver fibrosis assessment: 
are two better than one? Dig Dis Sci. (2020) 65:928–30. doi: 10.1007/s10620-019-05923-w

	47.	Türkyılmaz Z, Kula O, Çelik AO, Demirel T, Günay B. Evaluation of celiac artery 
and common hepatic artery variations by CT-angiography and new classification model. 
Surg Radiol Anat. (2023) 45:1037–47. doi: 10.1007/s00276-023-03180-1

	48.	Wang XP, Chen WX, Wu DS, Wang XD. Whole-liver perfusion scans with 64-slice 
spiral CT in patients with liver cirrhosis. Sichuan Da Xue Xue Bao Yi Xue Ban. (2011) 
42:382–6.

	49.	Jiang TT, Luo XP, Sun JM, Gao J. Clinical outcomes of transcatheter selective 
superior mesenteric artery urokinase infusion therapy vs transjugular intrahepatic 
portosystemic shunt in patients with cirrhosis and acute portal vein thrombosis. World 
J Gastroenterol. (2017) 23:7470–7. doi: 10.3748/wjg.v23.i41.7470

	50.	Im WH, Song JS, Jang W. Noninvasive staging of liver fibrosis: review of current 
quantitative CT and MRI-based techniques. Abdom Radiol (NY). (2022) 47:3051–67. 
doi: 10.1007/s00261-021-03181-x

	51.	Ponsiglione A, Stanzione A, Cuocolo R, Ascione R, Gambardella M, De Giorgi M, 
et al. Cardiac CT and MRI radiomics: systematic review of the literature and radiomics 
quality score assessment. Eur Radiol. (2022) 32:2629–38. doi: 
10.1007/s00330-021-08375-x

	52.	Duarte-Rojo A, Patel K, Rockey DC. Noninvasive assessment of liver fibrosis and 
portal hypertension. Curr Opin Gastroenterol. (2024) 40:148–55. doi: 
10.1097/MOG.0000000000001019

	53.	Bhattarai S, Dewan KR, Shrestha G, Patowary BS. Non-invasive predictors of 
gastro-Oesophageal varices. JNMA J Nepal Med Assoc. (2017) 56:298–303. doi: 
10.31729/jnma.3202

	54.	Jarasvaraparn C, Thoe J, Rodenbarger A, Masuoka H, Payne RM, Markham LW, 
et al. Biomarkers of fibrosis and portal hypertension in Fontan-associated liver disease 
in children and adults. Dig Liver Dis. (2024) 56:1335–42. doi: 10.1016/j.dld.2023.12.017

	55.	Driever EG, Magaz M, Adelmeijer J, Turon F, Baiges A, Olivas P, et al. The portal 
vein in patients with cirrhosis is not an excessively inflammatory or hypercoagulable 
vascular bed, a prospective cohort study. J Thromb Haemost. (2022) 20:2075–82. doi: 
10.1111/jth.15797

	56.	Goel A, Hegarty R, Dixit S, Tucker B, Douiri A, Kyrana E, et al. Transient 
elastography and von Willebrand factor as predictors of portal hypertension and 
decompensation in children. JHEP Rep. (2023) 5:100935. doi: 10.1016/j.jhepr.2023.100935

	57.	Mandorfer M, Schwabl P, Paternostro R, Pomej K, Bauer D, Thaler J, et al. Von 
Willebrand factor indicates bacterial translocation, inflammation, and procoagulant 
imbalance and predicts complications independently of portal hypertension severity. 
Aliment Pharmacol Ther. (2018) 47:980–8. doi: 10.1111/apt.14522

	58.	Ferlitsch M, Reiberger T, Hoke M, Salzl P, Schwengerer B, Ulbrich G, et al. von 
Willebrand factor as new noninvasive predictor of portal hypertension, decompensation 
and mortality in patients with liver cirrhosis. Hepatology. (2012) 56:1439–47. doi: 
10.1002/hep.25806

	59.	Islek A, Ilhan D, Ozturk N, Guven B, Sag E. Altered von Willebrand factor and 
ADAMTS13 levels in children with cirrhosis and extrahepatic portal hypertension. J 
Pediatr Hematol Oncol. (2021) 43:e951–6. doi: 10.1097/MPH.0000000000002038

	60.	Pan Y, Guo R, Lv Y, Cui D, Xie J. The role of von Willebrand factor antigen in 
predicting survival of patients with HBV-related cirrhosis. Can J Gastroenterol Hepatol. 
(2022) 2022:9035971. doi: 10.1155/2022/9035971

	61.	Rockey DC, Alsawas M, Duarte-Rojo A, Patel K, Levine D, Asrani SK, et al. 
Noninvasive liver disease assessment to identify portal hypertension: systematic and 
narrative reviews supporting the AASLD practice guideline. Hepatology. (2025) 
81:1086–104. doi: 10.1097/HEP.0000000000000841

	62.	Wang L, Feng Y, Ma X, Wang G, Wu H, Xie X, et al. Diagnostic efficacy of 
noninvasive liver fibrosis indexes in predicting portal hypertension in patients with 
cirrhosis. PLoS One. (2017) 12:e0182969. doi: 10.1371/journal.pone.0182969

	63.	Liu C, Chen S, Yan X, Xiang Y, Hui J, Liu Z, et al. Diagnostic value of portal vein 
velocity for portal hypertension in patients with hepatitis B virus-related cirrhosis. Curr 
Med Imaging. (2021) 17:1363–8. doi: 10.2174/1573405617666210225090948

	64.	Manka P, Sydor S, Schänzer-Ocklenburg JM, Brandenburg M, Best J, Vilchez-
Vargas R, et al. A potential role for bile acid signaling in celiac disease-associated fatty 
liver. Meta. (2022) 12:130. doi: 10.3390/metabo12020130

	65.	Augustin S, Pons M, Maurice JB, Bureau C, Stefanescu H, Ney M, et al. Expanding 
the Baveno VI criteria for the screening of varices in patients with compensated 
advanced chronic liver disease. Hepatology. (2017) 66:1980–8. doi: 10.1002/hep.29363

	66.	Petta S, Sebastiani G, Bugianesi E, Viganò M, Wong VW, Berzigotti A, et al. Non-
invasive prediction of esophageal varices by stiffness and platelet in non-alcoholic fatty 
liver disease cirrhosis. J Hepatol. (2018) 69:878–85. doi: 10.1016/j.jhep.2018.05.019

	67.	Loomba R, Wolfson T, Ang B, Hooker J, Behling C, Peterson M, et al. Magnetic 
resonance elastography predicts advanced fibrosis in patients with nonalcoholic fatty 
liver disease: a prospective study. Hepatology. (2014) 60:1920–8. doi: 10.1002/hep.27362

	68.	Pons M, Rodríguez-Tajes S, Esteban JI, Mariño Z, Vargas V, Lens S, et al. Non-
invasive prediction of liver-related events in patients with HCV-associated compensated 
advanced chronic liver disease after oral antivirals. J Hepatol. (2020) 72:472–80. doi: 
10.1016/j.jhep.2019.10.005

	69.	Sporea I, Bota S, Peck-Radosavljevic M, Sirli R, Tanaka H, Iijima H, et al. Acoustic 
radiation force impulse elastography for fibrosis evaluation in patients with chronic 
hepatitis C: an international multicenter study. Eur J Radiol. (2012) 81:4112–8. doi: 
10.1016/j.ejrad.2012.08.018

	70.	Cassinotto C, Lapuyade B, Mouries A, Hiriart JB, Vergniol J, Gaye D, et al. Non-
invasive assessment of liver fibrosis with impulse elastography: comparison of supersonic 
shear imaging with ARFI and FibroScan®. J Hepatol. (2014) 61:550–7. doi: 
10.1016/j.jhep.2014.04.044

	71.	Zeng J, Huang Z, Jin J, Zheng J, Wu T, Zheng R. Diagnostic accuracy of 2-D shear 
wave elastography for the non-invasive staging of liver fibrosis in patients with elevated 
alanine aminotransferase levels. Ultrasound Med Biol. (2018) 44:85–93. doi: 
10.1016/j.ultrasmedbio.2017.09.011

	72.	Laguno M, Martínez-Rebollar M, Casanova M, de Lazzari E, González-Cordón A, 
Torres B, et al. Long-term evolution in liver fibrosis and immune profile after direct-
acting antivirals therapy in hepatitis C virus-human immunodeficiency virus co-
infected patients. Clin Microbiol Infect. (2022) 28:e1–610.e7. doi: 10.1016/j.
cmi.2021.08.019

	73.	Inoue Y, Sugawara Y, Tamura S, Ohtsu H, Taguri M, Makuuchi M, et al. Validity 
and feasibility of transient elastography for the transplanted liver in the 
peritransplantation period. Transplantation. (2009) 88:103–9. doi: 
10.1097/TP.0b013e3181aacb7f

	74.	Nacif LS, Gomes CDC, Mischiatti MN, Kim V, Paranaguá-Vezozzo D, Reinoso GL, 
et al. Transient elastography in acute cellular rejection following liver transplantation: 
systematic review. Transplant Proc. (2018) 50:772–5. doi: 
10.1016/j.transproceed.2018.02.008

	75.	Kim YS, Song JS, Kannengiesser S, Seo SY. Comparison of spin-echo echoplanar 
imaging and gradient recalled echo-based MR elastography at 3 tesla with and without 
gadoxetic acid administration. Eur Radiol. (2017) 27:4120–8. doi: 
10.1007/s00330-017-4781-4

	76.	Nedredal GI, Yin M, McKenzie T, Lillegard J, Luebke-Wheeler J, Talwalkar J, et al. 
Portal hypertension correlates with splenic stiffness as measured with MR elastography. 
J Magn Reson Imaging. (2011) 34:79–87. doi: 10.1002/jmri.22610

	77.	Jachs M, Odriozola A, Turon F, Moga L, Téllez L, Fischer P, et al. Spleen stiffness 
measurement by vibration-controlled transient elastography at 100 Hz for non-invasive 
predicted diagnosis of clinically significant portal hypertension in patients with 
compensated advanced chronic liver disease: a modelling study. Lancet Gastroenterol 
Hepatol. (2024) 9:1111–20. doi: 10.1016/S2468-1253(24)00234-6

	78.	He R, Liu C, Grgurevic I, Guo Y, Xu H, Liu J, et al. Validation of Baveno VII criteria 
for clinically significant portal hypertension by two-dimensional shear wave 
elastography. Hepatol Int. (2024) 18:1020–8. doi: 10.1007/s12072-024-10657-7

	79.	Paternostro R, Becker J, Hofer BS, Panagl V, Schiffke H, Simbrunner B, et al. The 
prognostic value of HVPG-response to non-selective beta-blockers in patients with NASH 
cirrhosis and varices. Dig Liver Dis. (2022) 54:500–8. doi: 10.1016/j.dld.2021.09.009

	80.	Garcia-Guix M, Ardevol A, Sapena V, Alvarado-Tápias E, Huertas A, Brujats A, 
et al. Influence of further decompensation on survival across clinical stages of 
decompensated cirrhosis: the role of portal hypertension and HVPG changes. Liver Int. 
(2024) 44:1971–89. doi: 10.1111/liv.15937

	81.	Huwart L, van Beers BE. MR elastography. Gastroenterol Clin Biol. (2008) 
32:68–72. doi: 10.1016/S0399-8320(08)73995-2

	82.	Castéra L, Foucher J, Bernard PH, Carvalho F, Allaix D, Merrouche W, et al. Pitfalls 
of liver stiffness measurement: a 5-year prospective study of 13,369 examinations. 
Hepatology. (2010) 51:828–35. doi: 10.1002/hep.23425

	83.	Argalia G, Ventura C, Tosi N, Campioni D, Tagliati C, Tufillaro M, et al. 
Comparison of point shear wave elastography and transient elastography in the 
evaluation of patients with NAFLD. Radiol Med. (2022) 127:571–6. doi: 
10.1007/s11547-022-01475-8

	84.	Ferraioli G, Barr RG. Ultrasound liver elastography beyond liver fibrosis 
assessment. World J Gastroenterol. (2020) 26:3413–20. doi: 10.3748/wjg.v26.i24.3413

	85.	Isabela Andronescu C, Roxana Purcarea M, Aurel Babes P. The role of noninvasive 
tests and liver biopsy in the diagnosis of nonalcoholic fatty liver disease. J Med Life. 
(2018) 11:243–6. doi: 10.25122/jml-2018-1002

https://doi.org/10.3389/fmed.2025.1647629
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/j.jhep.2016.07.021
https://doi.org/10.1111/1751-2980.12325
https://doi.org/10.1053/j.tvir.2016.01.006
https://doi.org/10.1002/lt.20873
https://doi.org/10.1007/s00261-021-03064-1
https://doi.org/10.1007/s10620-019-05923-w
https://doi.org/10.1007/s00276-023-03180-1
https://doi.org/10.3748/wjg.v23.i41.7470
https://doi.org/10.1007/s00261-021-03181-x
https://doi.org/10.1007/s00330-021-08375-x
https://doi.org/10.1097/MOG.0000000000001019
https://doi.org/10.31729/jnma.3202
https://doi.org/10.1016/j.dld.2023.12.017
https://doi.org/10.1111/jth.15797
https://doi.org/10.1016/j.jhepr.2023.100935
https://doi.org/10.1111/apt.14522
https://doi.org/10.1002/hep.25806
https://doi.org/10.1097/MPH.0000000000002038
https://doi.org/10.1155/2022/9035971
https://doi.org/10.1097/HEP.0000000000000841
https://doi.org/10.1371/journal.pone.0182969
https://doi.org/10.2174/1573405617666210225090948
https://doi.org/10.3390/metabo12020130
https://doi.org/10.1002/hep.29363
https://doi.org/10.1016/j.jhep.2018.05.019
https://doi.org/10.1002/hep.27362
https://doi.org/10.1016/j.jhep.2019.10.005
https://doi.org/10.1016/j.ejrad.2012.08.018
https://doi.org/10.1016/j.jhep.2014.04.044
https://doi.org/10.1016/j.ultrasmedbio.2017.09.011
https://doi.org/10.1016/j.cmi.2021.08.019
https://doi.org/10.1016/j.cmi.2021.08.019
https://doi.org/10.1097/TP.0b013e3181aacb7f
https://doi.org/10.1016/j.transproceed.2018.02.008
https://doi.org/10.1007/s00330-017-4781-4
https://doi.org/10.1002/jmri.22610
https://doi.org/10.1016/S2468-1253(24)00234-6
https://doi.org/10.1007/s12072-024-10657-7
https://doi.org/10.1016/j.dld.2021.09.009
https://doi.org/10.1111/liv.15937
https://doi.org/10.1016/S0399-8320(08)73995-2
https://doi.org/10.1002/hep.23425
https://doi.org/10.1007/s11547-022-01475-8
https://doi.org/10.3748/wjg.v26.i24.3413
https://doi.org/10.25122/jml-2018-1002


Gao et al.� 10.3389/fmed.2025.1647629

Frontiers in Medicine 13 frontiersin.org

	86.	Hydes TJ, Summers N, Brown E, Alam U, Thomaides-Brears H, Wilding JPH, et al. 
Mechanisms, screening modalities and treatment options for individuals with non-
alcoholic fatty liver disease and type 2 diabetes. Diabet Med. (2020) 37:1793–806. doi: 
10.1111/dme.14356

	87.	Bolognesi M, Di Pascoli M, Sacerdoti D. Clinical role of non-invasive assessment 
of portal hypertension. World J Gastroenterol. (2017) 23:1–10. doi: 10.3748/wjg.v23.i1.1

	88.	Huang Y, Huang F, Yang L, Hu W, Liu Y, Lin Z, et al. Development and validation 
of a radiomics signature as a non-invasive complementary predictor of gastroesophageal 
varices and high-risk varices in compensated advanced chronic liver disease: a 
multicenter study. J Gastroenterol Hepatol. (2021) 36:1562–70. doi: 10.1111/jgh.15306

	89.	Wagner M, Hectors S, Bane O, Gordic S, Kennedy P, Besa C, et al. Noninvasive 
prediction of portal pressure with MR elastography and DCE-MRI of the liver and spleen: 
preliminary results. J Magn Reson Imaging. (2018) 48:1091–103. doi: 10.1002/jmri.26026

	90.	Annet L, Materne R, Danse E, Jamart J, Horsmans Y, Van Beers BE. Hepatic flow 
parameters measured with MR imaging and doppler US: correlations with degree of 
cirrhosis and portal hypertension. Radiology. (2003) 229:409–14. doi: 
10.1148/radiol.2292021128

	91.	Jansen C, Bogs C, Verlinden W, Thiele M, Möller P, Görtzen J, et al. Shear-wave 
elastography of the liver and spleen identifies clinically significant portal hypertension: 
a prospective multicentre study. Liver Int. (2017) 37:396–405. doi: 10.1111/liv.13243

	92.	Leung DH, Ye W, Schwarzenberg SJ, Freeman AJ, Palermo JJ, Weymann A, et al. 
Long-term follow-up and liver outcomes in children with cystic fibrosis and nodular 
liver on ultrasound in a multi-center study. J Cyst Fibros. (2023) 22:248–55. doi: 
10.1016/j.jcf.2022.07.017

	93.	Jackson BD, Doyle JS, Hoy JF, Roberts SK, Colman J, Hellard ME, et al. Non-
cirrhotic portal hypertension in HIV mono-infected patients. J Gastroenterol Hepatol. 
(2012) 27:1512–9. doi: 10.1111/j.1440-1746.2012.07148.x

	94.	Mózes FE, Lee JA, Vali Y, Alzoubi O, Staufer K, Trauner M, et al. Performance of 
non-invasive tests and histology for the prediction of clinical outcomes in patients with 
non-alcoholic fatty liver disease: an individual participant data meta-analysis. Lancet. 
Gastroenterol Hepatol. (2023) 8:704–13. doi: 10.1016/S2468-1253(23)00141-3

	95.	Dana J, Venkatasamy A, Saviano A, Lupberger J, Hoshida Y, Vilgrain V, et al. 
Conventional and artificial intelligence-based imaging for biomarker discovery in 
chronic liver disease. Hepatol Int. (2022) 16:509–22. doi: 10.1007/s12072-022-10303-0

	96.	Liu Y, Ning Z, Örmeci N, An W, Yu Q, Han K, et al. Deep convolutional neural 
network-aided detection of portal hypertension in patients with cirrhosis. Clin 
Gastroenterol Hepatol. (2020) 18:2998–3007.e5. doi: 10.1016/j.cgh.2020.03.034

	97.	Liu C, You H, Zeng QL, Wong YJ, Wang B, Grgurevic I, et al. Carvedilol to prevent 
hepatic decompensation of cirrhosis in patients with clinically significant portal 
hypertension stratified by new non-invasive model (CHESS2306). Clin Mol Hepatol. 
(2025) 31:105–18. doi: 10.3350/cmh.2024.0198

	98.	Gao Y, Yu Q, Li X, Xia C, Zhou J, Xia T, et al. An imaging-based machine learning 
model outperforms clinical risk scores for prognosis of cirrhotic variceal bleeding. Eur 
Radiol. (2023) 33:8965–73. doi: 10.1007/s00330-023-09938-w

	99.	Zhao H, Zhang X, Huang B, Shi X, Xiao L, Li Z. Application of machine learning 
methods for predicting esophageal variceal bleeding in patients with cirrhosis. Eur 
Radiol. (2025) 35:1440–50. doi: 10.1007/s00330-024-11311-4

	100.	Elendu C, Amaechi DC, Elendu TC, Jingwa KA, Okoye OK, John Okah M, et al. 
Ethical implications of AI and robotics in healthcare: a review. Medicine (Baltimore). 
(2023) 102:e36671. doi: 10.1097/MD.0000000000036671

	101.	Klauschen F, Dippel J, Keyl P, Jurmeister P, Bockmayr M, Mock A, et al. Toward 
explainable artificial intelligence for precision pathology. Annu Rev Pathol. (2024) 
19:541–70. doi: 10.1146/annurev-pathmechdis-051222-113147

	102.	Zhang G, Chen H, Ren W, Huang J. Efficacy of bile acid profiles in diagnosing 
and staging of alcoholic liver disease. Scand J Clin Lab Invest. (2023) 83:8–17. doi: 
10.1080/00365513.2022.2151508

	103.	Voiosu AM, Wiese S, Goetze JP, Hartmann O, Voiosu T, Santos K, et al. 
Dipeptidyl peptidase-3 is associated with severity of liver disease and circulatory 
complications in patients with cirrhosis. Biomarkers. (2022) 27:196–204. doi: 
10.1080/1354750X.2021.2024599

https://doi.org/10.3389/fmed.2025.1647629
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1111/dme.14356
https://doi.org/10.3748/wjg.v23.i1.1
https://doi.org/10.1111/jgh.15306
https://doi.org/10.1002/jmri.26026
https://doi.org/10.1148/radiol.2292021128
https://doi.org/10.1111/liv.13243
https://doi.org/10.1016/j.jcf.2022.07.017
https://doi.org/10.1111/j.1440-1746.2012.07148.x
https://doi.org/10.1016/S2468-1253(23)00141-3
https://doi.org/10.1007/s12072-022-10303-0
https://doi.org/10.1016/j.cgh.2020.03.034
https://doi.org/10.3350/cmh.2024.0198
https://doi.org/10.1007/s00330-023-09938-w
https://doi.org/10.1007/s00330-024-11311-4
https://doi.org/10.1097/MD.0000000000036671
https://doi.org/10.1146/annurev-pathmechdis-051222-113147
https://doi.org/10.1080/00365513.2022.2151508
https://doi.org/10.1080/1354750X.2021.2024599

	Revolutionising portal hypertension diagnosis: the rise of non-invasive techniques in liver cirrhosis
	1 Introduction
	2 Non-invasive diagnostic techniques
	2.1 Ultrasound-based techniques
	2.2 Advanced imaging techniques
	2.3 Biomarkers and blood tests

	3 Clinical applications
	3.1 Screening and early detection
	3.2 Monitoring and management
	3.3 Integration into clinical guidelines

	4 Challenges and future directions
	4.1 Technical limitations
	4.2 Clinical validation
	4.3 Emerging technologies

	5 Conclusion

	References

