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Abstract

Metabolic dysfunction-associated steatotic liver disease (MASLD) has become the leading

cause of chronic liver disease worldwide, with an estimated prevalence of 38%. Its burden
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varies considerably across regions, populations and demographic groups, influenced by
genetic, biological, environmental and social factors. The disease follows a progressive
histopathological continuum ranging from simple steatosis, through steatohepatitis,
advanced fibrosis and cirrhosis, to hepatocellular carcinoma. The stage of fibrosis is the
most important determinant of liver-related outcomes, while extrahepatic manifestations,
particularly cardiovascular disease, represent the leading cause of mortality. For diagnosis,
the focus has shifted from liver biopsy to non-invasive strategies that combine serum
markers and imaging studies. These tools have already been incorporated into international
clinical guidelines, although access to them remains uneven across different healthcare
settings. This review aims to provide an updated and comprehensive overview of the
epidemiology, natural history, and diagnostic strategies for MASLD, with an emphasis on
recent epidemiological data, factors influencing disease progression, and the increasingly
important role of non-invasive diagnostic tools in clinical practice.
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INTRODUCTION

Chronic liver disease (CLD) remains a major public health problem nowadays. Metabolic dysfunction-
associated steatotic liver disease (MASLD) is currently the most common cause of CLD worldwide". For
decades, its diagnosis relied on ruling out other causes of CLD, especially excessive alcohol consumption.
This changed when MASLD was recognized as a multisystemic metabolic disease. As a result, its definition
was updated to acknowledge that multiple factors are associated with its development and progression,
including genetic, biological, environmental and cardiometabolic factors'>*. The 2023 Delphi consensus
proposed steatotic liver disease (SLD) as a broader term that covers various etiologies of the disease. This
new term includes MASLD, defined as the presence of hepatic steatosis accompanied with at least one
cardiometabolic criteria and limited alcohol consumption (< 140 g/week in women, < 210 g/week in men);
metabolic dysfunction and alcohol-associated liver disease (MetALD), which applies to individuals who meet
the cardiometabolic criteria for MASLD but have moderate alcohol consumption (140-350 g/week for
women, 210-420 g/week for men) and alcohol-related liver disease (ALD), in which alcohol is the primary
etiological factor at higher levels of consumption (> 350 g/week in women, > 420 g/week in men)®.

According to the Global Burden of Disease (GBD) Study, approximately 1.3 billion people worldwide had
MASLD in 2023. Projections indicate that this represents a 142.7% increase since 1990 and that by 2050, the
number of people living with MASLD is projected to reach 1.8 billion*. The natural history of MASLD
includes its evolution from simple steatosis (SS) to steatohepatitis [metabolic dysfunction-associated
steatohepatitis (MASH)], advanced fibrosis, cirrhosis, and hepatocellular carcinoma (HCC), with fibrosis
being the most important predictor of liver-related mortality'”’. While the main outcomes of MASLD are
hepatic, we must remember that this disease is associated with extrahepatic outcomes, such as cardiovascular
disease (CVD), type 2 diabetes (T2D), chronic kidney disease, polycystic ovary syndrome (PCOS) and
extrahepatic cancers'®”. Timely diagnosis is essential for early intervention and to prevent or delay the
progression of the disease.

The diagnosis of MASLD is based on the presence of hepatic steatosis in combination with the presence of
cardiometabolic risk factors®’l. To assess more advanced stages, liver biopsy is still considered the gold
standard. However, we are now in an era in which non-invasive alternatives are becoming more widespread.
Non-invasive tests (NITs), which include calculated scores such as Fibrosis-4 index (FIB-4) and the
enhanced liver fibrosis (ELF) test, the blood biomarker N-terminal pro-peptide of type III collagen (PRO-
C3) and imaging-based tools, have facilitated the detection and staging of the disease without the need to
take a tissue sample!®'*’. Composite scores designed specifically for fibrotic MASH, such as the FibroScan-
AST (FAST) score and the HOMA, Ast, CK18 score (MACK-3), have provided greater accuracy", and both
the European Association for the Study of the Liver (EASL) and the American Association for the Study of
Liver Disease (AASLD) guidelines now incorporate them into their clinical guidelines">"'. Although no test
has yet completely replaced biopsy, the trend is clear.

This review aims to provide an updated and comprehensive overview of the epidemiology, natural history,
and diagnostic strategies for MASLD, with an emphasis on recent epidemiological data, factors influencing
disease progression, and the increasingly important role of non-invasive diagnostic tools in clinical practice.

EPIDEMIOLOGY OF MASLD

Global epidemiology

The global epidemiology of MASLD reflects the interplay of multiple factors, including ethnicity, genetics,
sex, nutritional transition and access to health care systems. A 2024 meta-analysis, which included more than
78 million people from 38 countries, confirmed that the prevalence of the disease varies considerably"*. It is
estimated that MASLD currently affects 38% of the global adult population’. But higher prevalence rates
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have been reported in specific population groups. For example, it has been estimated that among people with
T2D, the prevalence may range from 28% to 69%"*, and among people living with obesity, rates ranging
from 60% to 90% have been reported"*.

Differences in geographic distribution

North Africa and the Middle East have been found to have the highest age-standardized prevalence globally
(29,246 cases per 100,000 population), while the high-income Asia-Pacific region has the lowest (8,653 cases
per 100,000 population)"”. Regarding mortality and disability, Andean and Central American countries top
the rankings. Mexico recorded the highest national rate of disability-adjusted life years (DALYs) in 2023 at
192.1 per 100,000 inhabitants®. This reflects a combination of rapid nutritional transition, high rates of
obesity, and the elevated frequency of the patatin-like phospholipase domain-containing protein 3
(PNPLA3) rs738409 variant, which results in an isoleucine-to-methionine substitution at position 148
(I148M), in Latin American populations'”..

In Europe, prevalence estimates range from 20% to 30% in most countries. However, southern and eastern
Europe consistently report higher rates, partly due to dietary patterns and rising rates of metabolic syndrome
(MetS)""*. In the United States, MASLD affects approximately one in three adults, with marked disparities by
ethnicity. Hispanic populations have the highest prevalence, followed by non-Hispanic whites and non-
Hispanic blacks"". In Asia, MASLD develops at lower body mass index (BMI) thresholds due to higher levels
of visceral adiposity, making MASLD particularly common among lean individuals and often
undiagnosed"”. Sub-Saharan Africa remains the region with the least available data; the most recent evidence
points to a growing burden driven by urbanization that is systematically underestimated in global studies'*’.

MASLD IN SPECIAL POPULATIONS

Pediatric population

Nowadays, 7% to 14% of children and adolescents have MASLD. As in adults, the prevalence rises to over
47% in the population living with obesity™®. This increase closely mirrors trends in childhood obesity and is
no longer limited to high-income countries; in fact, low- and middle-income countries are seeing some of
the most pronounced increases. Hispanic, Indigenous and low-income children bear a disproportionate
burden, due to genetic susceptibility, the food environment and limited access to healthcare’'.

Lean MASLD

MASLD in lean individuals is increasingly recognized as a clinically distinct entity. A recent meta-analysis
involving more than 10 million people revealed that the combined prevalence of MASLD in lean individuals
is 1.94% in the general population®. Despite not having excess weight, lean patients share metabolic risk
profiles similar to those of patients with obesity and may have comparable rates of diabetes, cardiovascular
events, and liver-related outcomes'®?’. The lean phenotype often delays diagnosis, making this group
particularly vulnerable to not receiving treatment or receiving inadequate treatment.

Age and sex differences

Over time, it has become evident that MASLD affects men and women differently due to differences in fat
distribution and hormones. In men, a higher incidence of MASLD is observed from youth through middle
age, declining after the age of 50-60*>*.. In contrast, young women have a lower incidence of MASLD, which
increases after menopause and then decreases after age 70. In addition, women with PCOS, Turner
syndrome, or who have had early menarche are also at high risk of developing MASLD"*.
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Table 1. Diagnostic criteria for MASLD

MASLD (Rinella et al., 2023)"

Evidence of hepatic steatosis in adults

Hepatic steatosis (By imaging techniques or histological techniques)

At least 1 of the 5 cardiometabolic criteria:

* BMI 2 25 kg/m? (= 23 kg/m? in Asians) or waist circumference = 94,/80 cm in men and women or ethnicity-adjusted

thresholds

« Fasting serum glucose = 5.6 mmol/L (100 mg/dL) or 2-h post-load glucose = 7.8 mmol/L (=140 mg/dL) or HbAlc =
Cardiometabolic factor 5.7% (39 mmol/L) or type 2 diabetes or treatment for type 2 diabetes

* Blood pressure > 130/85 mmHg or specific antihypertensive drug treatment

* Plasma triglycerides = 1.70 mmol/L (150 mg/dL) or lipid lowering treatment

« Plasma HDL-cholesterol 1.0 mmol/L (40 mg/dL) in men and < 1.3 mmol/L (50 mg/dL) in women or lipid lowering

treatment

Alcohol <140 g/week in women, < 210 g/week in men, exceeding these thresholds classifies as MetALD or ALD

MASLD: Metabolic dysfunction-associated steatotic liver disease; MetALD: metabolic dysfunction-associated alcohol-related liver disease; ALD:
alcohol-related liver disease; BMI: body mass index; HbATlc: glycated hemoglobin; HDL: high-density lipoprotein.

RISK FACTORS ASSOCIATED WITH MASLD

Cardiometabolic risk factors

MASLD can be considered the hepatic manifestation of an underlying systemic metabolic disorder. Its
diagnosis requires at least one of the five cardiometabolic criteria, displacing alcohol as the primary
determinant for its diagnosis [Table 1]™'?. Insulin resistance (IR) is the primary determining factor. It
promotes de novo lipogenesis while impeding fatty acid oxidation and the export of very low-density
lipoproteins (VLDL), leading to a net accumulation of hepatic lipids. More than 60% of people with T2D
have hepatic steatosis and IR has been shown to be a stronger predictor of MASLD than obesity itself***”).
Additionally, visceral fat releases free fatty acids (FFAs) directly into the portal circulation and produces a
profile of proinflammatory adipokines, with elevated levels of tumor necrosis factor-alpha (TNF-a),
interleukin-6 (IL-6) and leptin, along with reduced adiponectin, leading to hepatocellular injury and
fibrogenesis™**.

Sociodemographic determinants

The epidemiology of MASLD cannot be fully understood without considering its sociodemographic
dimensions. Lower socioeconomic status, limited education and food insecurity are associated with higher
prevalence and poorer outcomes. This is not only due to their effect on diet and physical activity, but also
because they limit access to screening and healthcare!**°!. A cross-sectional analysis of NHANES revealed
that higher educational attainment, but not higher income, was independently associated with a lower
likelihood of having MASLD only among food-secure individuals. Among those who were food insecure, the
association disappeared entirely*. Migrant populations face a similar disadvantage, as they must cope with
changes in diet, occupational exposures, and systemic barriers to healthcare that exacerbate their risk"*’).
Paradoxically, high-income countries are also experiencing a rise in MASLD driven by sedentary lifestyles
and the consumption of ultra-processed foods, reflecting the different ways in which the burden can
manifest depending on the context™!.

Genetic susceptibility

Genome-wide association studies (GWAS) have identified several high-impact variants that have been
consistently replicated across different populations””*?!. The most well-validated is PNPLA3 (rs738409,
I148M). It has been observed that individuals who are homozygous for the risk allele have a 3- to 4-fold
increased risk of developing MASLD, MASH, advanced fibrosis and HCC. This variant is particularly
common in Hispanic populations, which partly explains their disproportionate burden of the disease**’.
TMe6SF2 (1558542926, E167K) reduces VLDL secretion and retains triglycerides within the hepatocyte, which
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paradoxically lowers plasma triglycerides and low-density lipoprotein cholesterol (LDL), a phenotype that
complicates cardiovascular risk assessment in these patients'®'!. MBOAT7 (rs641738) alters
phosphatidylinositol remodeling, promoting steatosis and inflammation®. HSD17B13 (rs72613567) acts in
the opposite direction; its splicing variant is protective, as it reduces hepatic inflammation and the risk of
progression to MASH and HCC. Its presence also modified the response to Resmetirom in the MAESTRO-
NASH trial, establishing a proof of concept for genotype-guided therapy™.

Gut microbiome and dietary factors

The gut-liver axis is a central and modifiable component of the pathogenesis of MASLD. Gut dysbiosis,
along with increased intestinal permeability, amplifies hepatic exposure to lipopolysaccharide (LPS),
microbial metabolites, pathogen-associated molecular patterns and damage-associated molecular
patterns>**.. Among the microbial metabolites implicated, three stand out. Short-chain fatty acids (SCFAs),
produced by the fermentation of dietary fiber, promote intestinal barrier integrity and modulate hepatic lipid
metabolism; their depletion promotes fat accumulation. Trimethylamine N-oxide (TMAO), generated from
dietary choline and L-carnitine, has been linked to the severity of MASH, the progression of fibrosis, and
cardiovascular risk. Bile acids, extensively metabolized by gut bacteria, regulate signaling of the farnesoid X
receptor (FXR) and Takeda G protein-coupled receptor 5 (TGR5) in the liver, pathways that are now the
target of active pharmacological treatment”**”. Diet modulates all these axes simultaneously; consumption of
ultra-processed foods drives de novo lipogenesis, promotes lipotoxicity, alters the composition of the
microbiota and depletes SCFAs™*,

Environmental pollutants

Chronic exposure to environmental pollutants represents an emerging risk factor for the development of
MASLD. A recent meta-analysis involving more than 48 million adults showed that exposure to various
classes of environmental pollutants is significantly associated with an increased risk of SLD including
MASLD. Air pollutants such as fine particulate matter, coarse particulate matter, ultrafine particles and
nitrogen dioxide; endocrine disruptors such as bisphenol A and phthalates: mono-(2-ethyl-5-carboxypentyl),
mono-(2-ethyl-5-hydroxyhexyl), and mono-(2-ethyl-5-oxohexyl) and heavy metals such as mercury, lead
and cadmium showed independent and significant associations with SLD*”. Additional evidence from a
prospective cohort study involving more than 244,000 participants from the UK Biobank suggests that these
associations are mediated by alterations in lipids, lipoproteins and amino acids metabolism induced by
exposure to the pollutants themselves'".

In addition, these contaminants interact within the gut-liver axis. Bisphenol A compromises epithelial
integrity by reducing Akkermansia muciniphila and increasing Proteobacteria, thereby promoting the
translocation of LPS into the portal circulation'*?!. Heavy metals act more directly on the intestinal
epithelium, amplifying endotoxemia and the hepatic inflammatory response!*’’. Microplastics, in turn,
synergistically enhance these effects when combined with a high-fat diet; notably, the microbial disruption
they induce persists even after exposure is removed*".

Alcohol and MetALD

One of the most clinically significant contributions to the field of MASLD is the recognition of MetALD.
MetALD is a distinct epidemiological and pathophysiological entity'*>**). The coexistence of metabolic
dysfunction and alcohol consumption is not uncommon. Both conditions share overlapping pathogenic
mechanisms, such as IR, gut dysbiosis, disruption of the intestinal barrier, and oxidative stress, and their
combination synergistically accelerates disease progression">*.. Emerging evidence challenges the notion of a
“safe” threshold for alcohol consumption in patients with preexisting metabolic risk. It has been
demonstrated that even moderate consumption appears to exacerbate liver injury through CYP2E1
induction, mitochondrial dysfunction, and micronutrient depletion"*'.
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Figure 1. The multiple parallel hits model in progressive liver damage in MASLD. The pathogenesis of MASLD is best explained by the
“multiple parallel hits” hypothesis, according to which simultaneous and synergistic insults converge on the liver rather than acting
sequentially. These include insulin resistance, which drives de novo lipogenesis and disrupts fatty acid oxidation; obesity and adipose tissue
dysfunction, which generate a profile of pro-inflammatory adipokines; lipotoxicity, mediated by the accumulation of free fatty acids and
their derivatives; gut microbiota dysbiosis, which increases intestinal permeability and hepatic exposure to pathogen-associated molecular
patterns; systemic inflammation, driven by activation of the innate immune system; and genetic and epigenetic susceptibility variants that
modulate individual risk and disease severity; and dietary and environmental factors, including excessive consumption of ultra-processed
foods, sedentary lifestyle, and chronic exposure to environmental pollutants such as fine particulate matter, bisphenol A, phthalates, and
heavy metals. Created in BioRender. Ramirez, M. (2026) https://BioRender.com/2vcrroy. MASLD: Metabolic dysfunction-associated
steatotic liver disease; MASH: metabolic dysfunction-associated steatohepatitis.

The multiple parallel hits model

For years, the progression of MASLD was explained using a “two-hit” model, with hepatic steatosis
representing the first hit and oxidative stress or inflammation the second"”. While this was a useful
framework, it never fully captured the complexity of the disease. The current framework, the “multiple
parallel hits” hypothesis [Figure 1], conceptualizes MASLD as the result of simultaneous and synergistic
insults. IR, gut dysbiosis, lipotoxicity, genetic susceptibility, epigenetic modifications and environmental
exposures converge to cause oxidative stress, hepatocellular injury and immune-mediated fibrogenesis!***.

NATURAL HISTORY OF MASLD

Disease spectrum: from steatosis to cirrhosis and HCC

MASLD is a disease with a dynamic and bidirectional natural history [Figure 2]. Its onset is characterized by
the presence of SS, defined as the excessive accumulation of triglycerides in > 5% of hepatocytes!*”.. The
chronic accumulation of lipids triggers inflammatory and lipotoxic mechanisms that drive the development
of MASH. MASH, in turn, is characterized by the presence of steatosis, hepatocellular ballooning and lobular
inflammation; in some cases, it may be accompanied by fibrosis'*”. The persistence of liver damage and pro-
inflammatory signals leads to increased synthesis and deposition of the extracellular matrix (ECM), thereby
increasing the extent of fibrosis. Finally, if fibrosis persists, it can lead to a distortion of the entire architecture
of the hepatic parenchyma as well as its functionality, known as cirrhosis. Cirrhosis is associated with the
development of clinical complications, primarily portal hypertension (PH)"'. Notably, MASLD-associated
HCC can develop at any point along this spectrum, even in the absence of cirrhosis®”..

Rates of disease progression and regression

Not all individuals with MASLD will experience disease progression, and those who do will not follow a
uniform course. Most patients with SS do not develop significant inflammation or progressive fibrosis.
However, approximately 20% progress to MASH with significant histological activity*”. Once MASH has
been established, the risk of progression to fibrosis increases significantly. Among patients with MASH and
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Figure 2. Natural history and clinical impact of MASLD. MASLD progresses from SS to steatohepatitis (MASH), where the coexistence of
hepatocellular ballooning, lobular inflammation, and ECM deposition triggers the transdifferentiation of hepatic stellate cells into
myofibroblasts that produce collagen types | and Ill. This establishes a profibrotic microenvironment that progresses to perisinusoidal and
portal fibrosis (F1-F2), bridging fibrosis with nodular formation (F3) and cirrhosis (F4). Cirrhosis is characterized by architectural
distortion, regenerative nodularity and sinusoidal capillarization. Ultimately, the disease can progress to stages of decompensation
associated with portal hypertension. The progression of the disease is dynamic and bidirectional, modulated by metabolic control,
pharmacological intervention and the management of comorbidities. The stage of fibrosis is the most robust independent predictor of
liver-related mortality, decompensation, HCC, and the need for transplantation, with risk increasing progressively from FO-F1to F4. It is
important to note that the risk of HCC is present across the entire spectrum of the disease; up to 50% of HCC cases associated with
MASLD develop without prior cirrhosis. The transition to HCC reflects the convergence of multiple mechanisms. Chronic lipotoxicity
generates ROS, leading to oxidative damage to DNA and mitochondrial dysfunction with impaired B-oxidation; chronic inflammation and
immune exhaustion promote genetic and epigenetic alterations; gut dysbiosis increases intestinal permeability and hepatic exposure to
LPS via the gut-liver axis, amplifying inflammatory signaling; and pro-oncogenic pathways such as insulin resistance, mTOR activation, and
Wnt/B-catenin signaling converge to drive malignant transformation. MASLD is currently one of the fastest-growing causes of HCC
worldwide and a leading indication for liver transplantation in several countries. Created in BioRender. Ramirez, M. (2026) https://BioRen
der.com/wgvhgrt. MASLD: Metabolic dysfunction-associated steatotic liver disease; SS: simple steatosis; MASH: metabolic dysfunction-
associated steatohepatitis; ECM: extracellular matrix; HCC: hepatocellular carcinoma; ROS: reactive oxygen species; LPS:
lipopolysaccharide; mTOR: mechanistic target of rapamycin.

stage Fo-F2 fibrosis, 14% progressed to F3 and 2% to F4 over an average of 4.5 years'™. A meta-analysis of 54
studies involving 26,738 patients found that 31% of patients developed MASH after a median of 4.7 years,
while 29% of those who already had MASH showed resolution after a median of 3.5 years. Regarding fibrosis
progression, the estimated time to advance one stage was 9.9 years at Fo, 10.3 years at F1, 13.3 years at F2 and
22.2 years at F3"**. Finally, progression to cirrhosis occurs in 3%-5% of patients and often takes more than 20
years'™.

On the other hand, fibrosis regression is recognized as an achievable therapeutic endpoint. Sustained weight
reduction, improved glycaemic control, reduction in hepatic inflammation and emerging pharmacological
therapies may induce histological improvement and partial reversal of fibrosis. Regression is most
pronounced in earlier fibrosis stages but can also occur in compensated cirrhosis under favorable metabolic

conditions®.
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Predictors of disease progression

Several clinical, metabolic, and genetic factors determine the rate of progression in MASLD, often acting
synergistically. The stage of fibrosis is the most robust independent predictor of liver-related mortality, HCC
and all-cause mortality”*). Among modifiable factors, T2D is one of the most significant. Persistent
hyperglycemia generates advanced glycation end products that increase oxidative stress, activate Kupffer cells
and hepatic stellate cells (HSCs), promoting fibrogenesis®”. A multicentre study of 2,000 patients with T2D
found that 20.4% had advanced fibrosis, with diabetes duration > years [odds ratio (OR) 2.105], fasting
glucose > 126 mg/dL (OR 1.568) and microalbuminuria > 300 mg/24h (OR 2.007) being the factors
independently associated””®. Closely linked to T2D, visceral obesity exacerbates liver damage through the
direct release of FFAs into the portal system and the release of proinflammatory adipokines”’. In a
population-based cohort with a median follow-up of 4.2 years, a BMI 2 30 kg/m* and abdominal obesity were
independently associated with the progression of fibrosis"*”. In addition to these metabolic factors, there is
the effect of age. Advanced age is consistently associated with more advanced stages of fibrosis, mediated by
a feedback loop involving mitochondrial dysfunction, immune senescence and inflammatory activation'™.
Finally, the PNPLA3 I148M and TM6SF2 E167K genetic variants independently influence the rate of fibrosis
progression. A multicenter study demonstrated that the combined presence of both variants was associated
with a higher degree of steatosis, inflammation and fibrosis than either variant alone, with synergistic effects
on histological severity'®.

Liver-related mortality

Liver-related complications represent the most feared hepatic consequence of MASLD, but CVD remains the
leading cause of death in this group of patients"*'!. Importantly, cardiovascular mortality exceeds liver-
related mortality across most MASLD stages, particularly in non-cirrhotic disease!®"). However, as fibrosis
advances, liver-related mortality rises and becomes dominant in cirrhotic populations®>*?. Notably, it
independently increases overall and cardiovascular mortality and incident cardiovascular events even after
adjustment for metabolic risk factors™".

MASLD-associated HCC: cirrhotic and non-cirrhotic pathways

Beyond fibrosis, HCC represents the most serious outcome on the spectrum. It can develop in both cirrhotic
and non-cirrhotic livers. Up to 50% of HCC cases in MASLD occur without prior cirrhosis, with larger
nodules and a delayed diagnosis, since these patients often do not qualify for current surveillance
programs'®**. In patients with MASLD-related cirrhosis, genetic susceptibility, chronic inflammation and
regenerative nodular hyperplasia drive malignant transformation*’. On the other hand, non-cirrhotic HCC
appears through mechanisms linked to lipotoxicity, IR, hyperinsulinemia, adipokine dysregulation, oxidative
stress, mitochondrial dysfunction and altered innate immunity®*.

Extrahepatic manifestations

MASLD is a systemic disorder with important extrahepatic involvement!*”’ [Figure 3]. The
pathophysiological basis underlying these extrahepatic complications includes IR, chronic low-grade
inflammation, lipotoxicity, oxidative stress, endothelial dysfunction, altered adipokines, mitochondrial
injury, gut microbiota dysbiosis, and activation of profibrogenic and proatherogenic pathways*. Also, the
burden of extrahepatic disease often exceeds liver-related complications, particularly during early and
intermediate stages.

CVD is the leading cause of death among patients with MASLD. These include accelerated atherosclerosis,
coronary artery disease, heart failure, atrial fibrillation, valvular calcification and an increased risk of serious
adverse cardiovascular events. Steatosis contributes to endothelial dysfunction, arterial stiffness,
inflammation, and impaired myocardial energy metabolism, thereby establishing MASLD as an independent
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Figure 3. Extrahepatic manifestations of MASLD. Created in BioRender. Ramirez, M. (2026) https://BioRender.com/ce9bge2. MASLD:
Metabolic dysfunction-associated steatotic liver disease; CKD: chronic kidney disease; CVD: cardiovascular disease; MACE: major adverse
cardiovascular events; T2D: type 2 diabetes; CRC: colorectal cancer; MAFLD: metabolic-associated fatty liver disease; HCC: hepatocellular
carcinoma; PCOS: polycystic ovary syndrome; SS: simple steatosis; IR: insulin resistance.

cardiometabolic risk amplifier beyond traditional MetS components"*!. CKD is another major extrahepatic
manifestation, with MASLD being independently associated with albuminuria, progressive decline in
estimated glomerular filtration rate and increased risk of end-stage renal disease. The interaction between
these two is mediated by shared mechanisms, such as IR, renin-angiotensin-aldosterone system activation,
systemic inflammation, oxidative stress and ectopic lipid accumulation'.

As previously discussed, the bidirectional relationship between MASLD and T2D represents one of the most
clinically relevant metabolic interactions. Approximately one-third of patients with T2D have advanced
fibrosis, emphasizing the importance of fibrosis screening in diabetic populations"*>*). MASLD also increases
the risk of incident T2D, while the coexistence of diabetes accelerates disease progression and liver-related
mortality. MASLD has also been associated with increased prevalence of colorectal adenomas and colorectal
cancer (CRC), potentially related to chronic inflammatory signaling, altered bile acid metabolism,
hyperinsulinemia and dysfunction of the gut-liver axis""!. Furthermore, endocrine manifestations are
increasingly recognized and include hypothyroidism and PCOS, both of which may exacerbate hepatic
steatosis and fibrosis progression through impaired lipid metabolism, IR, androgen excess and adipose tissue
dysfunction. Additionally, MASLD has been linked to sarcopenia, obstructive sleep apnoea, psoriasis,
osteoporosis and other extrahepatic malignancies™!.

DIAGNOSIS-NON-INVASIVE STRATEGIES

The diagnostic tools available for MASLD span from simple biochemical markers to advanced imaging
modalities and novel biomarkers [Table 2]"*'>'*7"*!) The diagnostic algorithms for MASLD have evolved over
the last decade, shifting from a liver biopsy-centered approach toward the widespread implementation of
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Table 2. Non-invasive diagnostic tools for MASLD

. . . Guideline .
Biomarker Diagnostic target Cutoff Population notes
endorsement
QEJ/AST/GGT Hepatocellular injury  Variable by lab i’gSALS’I:AASLD’ Universal; normal values do not exclude MASLD
L Universal; sensitivity 84.8%, specificity 93.6%, AUROC
Ultrasound’? Steatosis detection EZ?toegrsmc liver iﬁi\l_éI:AASLD, 0.93 for moderate-severe steatosis vs. histology; limited
P sensitivity for mild steatosis (< 33%); operator-dependent
Validated globally; XL probe improves performance in
Fibrosis staging ) obesity; AUROC for CAP 0.924 (S 2 S1), 0.794 (S2S2);
VCTED2 (LSM) + steatosis (B:;\‘/fl Zfrf; fﬁy iﬁiLS'LAASLD' AUROC for LSM 0.897 (F 2 F3), 0.925 (F = F4); LSM cut-
quantification (CAP) g offs higher in Europe/America vs. Asia; LSM unaffected by
steatosis or probe type
EASL AASLD AUC 0.98 (SO vs. S1-3), 0.92 (S0-1vs. S2-3), 0.90 (S0-2
MRI-PDFF73 Steatosis = 5% hepatic fat (cIiniéaI trials vs. S3); sensitivity 0.77-0.92, specificity 0.87-0.94 vs.
quantification fraction referred) biopsy; most accurate NIT for steatosis; reference
P standard in clinical trials; limited by cost and availability
Validated in European and Asian cohorts; useful in patients
. . . Variable by EASL (alternativeto  with obesity; AUROC 0.82 (= F2), 0.86 (= F3), 0.89 (F4);
- [74]
2D-SWE Fibrosis staging platform VCTE) integrated into conventional ultrasound platforms; cut-offs
not yet universally standardized
. ) . L AASLD (preferred);  Validated across BMI ranges and ethnicities; most
MRE® Fibrosis staging (all  Low risk: <25KkPa ) ((ocialized  accurate NIT; sensitivity 88%-91% at 2.32 kPa threshold;
stages) (sensitivity ~90%) . S I
centers) whole-liver assessment; limited by cost and availability
Advanced fibrosis (= Low risk: < 1.3; EASL, AASLD, Validated globally; free calculation from routine _
FIB-4mh211 . - biochemistry; reduced specificity in patients > 65 years;
F3) High-risk: 2 2.67 APASL PR .
performance limited in patients < 35 years
b ) Validated in Western cohorts; sensitivity 70%, specificity
NFSE=) Advanced fibrosis h?wh:isskk_i 8)232 (E?Itse%néﬁvsétDo FIB-4) 61%, AUC 0.74 for 2 F3; lower performance than FIB-4;
g T limited in obesity, T2D and younger patients
Significant and Significant fibrosis: Developed for viral hepatitis; AUROC 0.78 (advanced
. ) . Not recommended fibrosis), 0.76 (significant fibrosis), 0.72 (cirrhosis); lower
APR]7e] advanced fibrosis, >0.7-1.0; ) . L
cirrhosis Cirrhosis > 15-2.0 for MASLD accuracy than FIB-4 and ELF; useful in resource-limited
T settings
Validated in European and North American cohorts;
7.7 (low); limited data in Latin America and Asia; AUROC 0.81-0.87
. . 7.7-9.8 EASL, AASLD for advanced fibrosis - highest among serum biomarkers in
76,771
ELF Advanced fibrosis (intermediate); (second line) MASLD; requires specific immunoassay platform; affected
> 9.8 (high) by age and renal disease; limited data in primary care and
resource-limited settings
Validated in Asia-Pacific and European cohorts; AUROC
Advanced fibrosis (2 Emerging: not vet 0.865 for advanced fibrosis in MASLD; sensitivity 82.2%,
ADAPTOE ) = Derived cutoff o dorgs ej’ y NPV 96.1%; outperforms PRO-C3 alone, APRI, FIB-4,
BARD and NFS; no indeterminate zone; requires PRO-C3
immunoassay
Validated in European and Asian cohorts; limited external
Fibrotic MASH Rule-out: < 0.135 validation; AUROC 0.797; sensitivity 91% at rule-out
o o/ ! I o . )
MACK-3791 (MASH + NAS = 4 + (sens.|t|IV|ty 91%); Not yet endorsed threshold; specificity 85% at rule-in th'reshold, .
fibrosis = F2) Rule-in: > 0.549 performance unaffected by age, sex, diabetes or BMI;
(specificity 85%) comparable accuracy to FAST score; requires CK-18
immunoassay
Rule-out: <0.35
e o
Fibrotic MASH f\‘ss\r}sg;;t)y 88%, Validated in European and Middle Eastern cohorts; better
FAST scoret®  (MASH + NAS =4 + Rule-in: : O 67 EASL (exploratory) performance for ruling out than ruling in fibrotic MASH;
) s :20. ;
fibrosis 2 F2) (specificity 87%, requires VCTE
PPV 60%)
Validated in North American clinical trial cohorts;
. . sensitivity 55.9%, specificity 88.1%, AUC 0.84
Fibrotic MASH . Emerging; not (0.81-0.88); similar overall diagnostic accuracy to FAST
MAST scoret®™  (MASH + NAS=4+ Derived cutoff

fibrosis 2 F2)

endorsed

but higher sensitivity and more consistent results; NPV
96.5-98.1%; requires MRE + MRI-PDFF + AST; limited by
cost and MRI availability

ALT: Alanine aminotransferase; AST: aspartate aminotransferase; GGT: gamma-glutamyl transferase; EASL: European Association for the Study of
the Liver; AASLD: American Association for the Study of Liver Diseases; APASL: Asian Pacific Association for the Study of the Liver; MASLD:
metabolic dysfunction-associated steatotic liver disease; VCTE: vibration-controlled transient elastography; LSM: liver stiffness measurement; CAP:
controlled attenuation parameter; BMI: body mass index; AUROC: area under the receiver operating characteristic curve; MRI-PDFF: magnetic
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resonance imaging-proton density fat fraction; NIT: non-invasive test; 2D-SWE: two-dimensional shear wave elastography; MRE: magnetic
resonance elastography; FIB-4: Fibrosis-4 index; NFS: NAFLD fibrosis score; NAFLD: nonalcoholic fatty liver disease; APRI: AST-to-platelet ratio
index; ELF: enhanced liver fibrosis test; ADAPT: Age, Diabetes, PRO-C3, Platelets score; PRO-C3: N-terminal pro-peptide of type Ill collagen;
MACK-3: HOMA, Ast, CK18 score; HOMA: homeostatic model assessment; AST: aspartate aminotransferase; CK-18: cytokeratin-18; FAST:
FibroScan-AST score; MAST: MRI-AST score; AUC: area under the curve; NPV: negative predictive value; PPV: positive predictive value; MASH:
metabolic dysfunction-associated steatohepatitis; MAFLD: metabolic dysfunction-associated fatty liver disease; NAS: NAFLD activity score; T2D:
type 2 diabetes; BARD: BMI, AST/ALT ratio, diabetes score.

NITs!"»*>%I International guidelines emphasize a risk-stratified diagnostic method integrating metabolic risk
assessment, serum-based fibrosis scores and elastography-based techniques to identify patients at risk for
advanced fibrosis, cirrhosis and HCC!"»**/,

Clinical suspicion and screening in at-risk populations

MASLD is asymptomatic during early stages and is commonly identified incidentally through abnormal liver
biochemistry or imaging studies performed for unrelated indications®**!. Consequently, active case-finding
strategies in high-risk populations have become a major focus in the clinical practice. International
guidelines recommend targeted screening among individuals with obesity, T2D, MetS, dyslipidemia,
hypertension, PCOS, obstructive sleep apnoea and established CVD!">##],

Clinical suspicion should arise in the presence of central adiposity, IR, persistently elevated
aminotransferases or imaging evidence of hepatic steatosis after exclusion of secondary causes of liver
disease, including significant alcohol consumption, viral hepatitis, autoimmune liver disorders, hereditary

82,83

hemochromatosis, Wilson disease, and hepatotoxic medications"**!. However, normal liver enzyme levels do
not exclude MASLD because a considerable proportion of patients with advanced fibrosis or even cirrhosis

may exhibit aminotransferase levels within normal laboratory reference ranges'”"*.

Biochemical markers
Routine biochemical studies remain an essential component of MASLD evaluation, although conventional
liver enzymes demonstrate limited sensitivity and specificity for disease staging!*>**/.

Alanine aminotransferase (ALT) is the most frequently elevated enzyme in MASLD and often reflects
hepatocellular injury. However, ALT concentrations correlate poorly with histopathological severity, and
normal ALT levels may coexist with advanced fibrosis"”"*/. Furthermore, normal laboratory reference ranges
may underestimate clinically relevant liver injury because traditional upper limits frequently exceed
metabolically healthy thresholds™.

Aspartate aminotransferase (AST) is generally less elevated during early stages but increases with fibrosis
progression. Consequently, the AST/ALT ratio may provide indirect information regarding fibrosis
severity!™. An AST/ALT ratio > 1 is frequently associated with advanced fibrosis or cirrhosis and may
indicate worsening of the liver architecture!®.

Gamma-glutamyl transferase (GGT) is commonly elevated and is associated with oxidative stress, IR, and
high cardiometabolic risk; therefore, elevated GGT levels have been linked to increased liver-related and
cardiovascular mortality'*.

Biochemical assessment should always include fasting glucose, glycated hemoglobin (HbA1c), fasting insulin
and lipid profile. Hypertriglyceridemia, low high-density lipoprotein cholesterol (HDL-C), impaired fasting
glucose, and IR strongly support the diagnosis of MASLD",
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Although individual biochemical markers lack adequate diagnostic performance for fibrosis degree staging,
they constitute important components of most fibrosis scores and longitudinal disease monitoring
strategies!™.

Steatosis assessment

Controlled attenuation parameter (CAP)

CAP, incorporated into vibration-controlled transient elastography (VCTE), represents one of the most
widely used NITs for hepatic steatosis quantification'***). It demonstrates reasonable diagnostic accuracy for
detecting steatosis across various grades and is particularly useful during screening because of its
accessibility, reproducibility, and simultaneous assessment of liver stiffness'****/. However, diagnostic
performance may be reduced in severe obesity, narrow intercostal spaces or marked hepatic inflammation.

Magnetic resonance imaging-proton density fat fraction (MRI-PDFF)

MRI-PDFF is currently considered the most accurate NIT for quantitative hepatic fat assessment*”. MRI-
PDFF enables precise measurement of liver fat content across the entire parenchyma and exhibits excellent
reproducibility and sensitivity to longitudinal changes in steatosis*>*. MRI-PDFF has become the preferred
imaging study in clinical trials evaluating pharmacological therapies for MASLD and MASH. However,
widespread implementation is limited by cost, accessibility, and technical requirements'®.

Ultrasound

Conventional ultrasonography remains the most used first-line imaging study for hepatic steatosis detection
due to its low cost and broad availability'*). However, ultrasonography has limited sensitivity for mild
steatosis (< 20%-30% hepatocyte involvement) and operator dependence!™!. Novel ultrasound attenuation-
based technologies, including attenuation imaging and ultrasound-guided attenuation parameter techniques,
provide improved quantitative assessment of steatosis while preserving the accessibility advantages of
conventional ultrasonography'*’.

Fibrosis scores: FIB-4, NAFLD fibrosis score (NFS), AST-to-platelet ratio index (APRI), age, diabetes,
PRO-C3 and platelets (ADAPT) and ELF

FIB-4

The FIB-4 index, calculated using age, AST, ALT, and platelet count, is currently the most widely
recommended first-line fibrosis assessment tool">"*. FIB-4 demonstrates excellent negative predictive value
(NPV) for excluding advanced fibrosis and is particularly useful in primary care'®*. Low FIB-4 values
identify patients at minimal risk who may remain under longitudinal follow-up, whereas indeterminate or
elevated values need a second risk stratification using elastography or specialized serum biomarkers®*.

Nevertheless, FIB-4 has significant limitations that affect its clinical interpretation. Because age is included in
the numerator of its formula, patients over 65 years of age consistently obtain higher values regardless of
their actual degree of fibrosis®®*. Although the 2024 EASL and 2023 AASLD guidelines recommend raising
the low-risk cutoff to 2.0 in individuals over 65 years of age to reduce false positives, recent evidence calls this
recommendation into question">*?). A prospective study of 985 patients referred from primary care
demonstrated that a threshold of 1.3 maintains a NPV of 100% for liver stiffness measurement (LSM)
2 10 kPa in individuals over 65 years of age, whereas raising the threshold to 2.0 reduces that NPV to 83%*.
Likewise, the interpretation of the high-risk threshold also varies with age. In young patients, an FIB-4 score
2 2.67 is associated with a 46% probability of having LSM 2 10 kPa, which justifies direct referral to
hepatology without additional testing. However, that same probability drops to 28% in patients aged 70 years.
Therefore, this threshold is not sufficient to classify older patients as high risk, and it is recommended to
complement it with elastography'™'.
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NFS

The NFS incorporates age, BMI, diabetes diagnosis, ALT/AST levels, platelet count, and albumin
concentration). Although NFS has been widely used, recent guidelines favor FIB-4 because NFS
performance may be limited in younger individuals and patients with obesity or diabetes!">*!.

APRI

APRI is less accurate than FIB-4 for MASLD-related fibrosis assessment but may provide additional
information in some other clinical contexts. APRI demonstrated greater utility in viral hepatitis than in
metabolic liver diseases and is less frequently used in modern MASLD algorithms'*.

ELF test

ELF test incorporates serum markers of ECM, including hyaluronic acid, procollagen type III N-terminal
peptide (PIIINP) and tissue inhibitor of metalloproteinases 1 (TIMP-1). It has demonstrated strong
diagnostic performance for advanced fibrosis and may predict liver-related clinical outcomes independently
of liver biopsy findings'™”. Recent guidelines increasingly incorporate ELF test as a second-line assessment
tool following indeterminate FIB-4 results">'>*").

However, its implementation in clinical practice is limited by its high cost and limited accessibility. It
requires specific automated immunoassay platforms that are not universally available, which restricts its use
outside of specialized settings and poses a significant barrier in resource-limited settings'*>**..

Elastography
Elastography techniques provide non-invasive quantification of liver stiffness as a surrogate marker of
fibrosis severity and have become central components of MASLD evaluation'**",

LSM
LSM reflects the biomechanical properties of the liver and correlates strongly with fibrosis stage. Increased
stiffness values are associated with advanced fibrosis, PH, hepatic decompensation, and HCC risk'®>*.

VCTE

VCTE is currently the most widely used elastography modality in MASLD!">*>*] It combines LSM with
CAP-based steatosis assessment and provides rapid bedside evaluation without radiation. It has excellent
diagnostic performance for advanced fibrosis and cirrhosis, although accuracy may be influenced by obesity,
hepatic congestion, inflammation, and food intake. However, the development of extra large probes has
significantly improved feasibility in obese populations!®.

Two-dimensional shear wave elastography (2D-SWE)

2D-SWE enables real-time visualization and quantitative stiffness assessment integrated into conventional
ultrasound platforms. Compared with VCTE, 2D-SWE offers improved spatial resolution and greater
operator flexibility while maintaining high diagnostic accuracy for advanced fibrosis*.

Magnetic resonance elastography (MRE)

MRE is considered the most accurate NIT for fibrosis assessment in MASLD. MRE demonstrates superior
diagnostic performance for differentiating fibrosis degrees, particularly in obese individuals and patients with
intermediate fibrosis®'. It provides whole-liver assessment with lower sampling variability than liver biopsy.
However, high cost and limited availability restrict its use outside tertiary referral centers and research
institutes'®.
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Novel biomarkers
Some biomarkers seek to improve diagnostic precision for MASH activity and fibrosis progression beyond
traditional biochemical and elastography tools.

Cytokeratin-18 (CK-18) and MACK-3

CK-18 fragments reflect hepatocyte apoptosis and have been extensively investigated as biomarkers for
MASH. Elevated CK-18 levels correlate with hepatocellular ballooning and necroinflammatory activity,
although variability in diagnostic thresholds has limited routine clinical implementation’. The homeostatic
model assessment of insulin resistance (HOMA-IR), AST, and CK-18-3 (MACK-3) score combines these
biomarkers for the non-invasive diagnosis of fibrotic MASH. It achieved an area under the receiver operating
characteristic curve (AUROC) of 0.847 in a multicenter cohort of 846 patients, outperforming NFS and
FIB-4, with a sensitivity of 90% and a specificity of 94.2%"7.

N-terminal PRO-C3

PRO-C3, a marker of type III collagen formation, directly reflects active fibrogenesis and demonstrates
promising diagnostic accuracy for advanced fibrosis and progression. Its integration into non-invasive scores
may improve identification of patients with active MASH, fibrosis or cirrhosis”®’. The ADAPT score
identifies advanced fibrosis in MASLD. In a validation cohort of 150 patients and a multinational validation
cohort of 281 patients, it achieved AUROCS of 0.86 and 0.87, respectively, outperforming APRI, FIB-4, and
NFES, with a NPV consistently above 90% in all subgroups. The absence of liver enzymes in its formula
eliminates the confounding effect of age on ALT, and the absence of an indeterminate zone reduces
diagnostic uncertainty™.

FAST score

FAST score combines VCTE LSM, CAP, and AST levels to identify patients with fibrotic MASH [MASH +
NAFLD activity score (NAS) 2 4 + fibrosis =2 F2]. FAST score is particularly useful for selecting patients for
clinical trial enrolment in research settings or hepatology referral*®.

MRI-AST score (MAST)

MAST score integrates MRI-PDFF, MRE, and AST values to identify patients with fibrotic MASH"?\. Tt
demonstrates high diagnostic accuracy for fibrotic MASH and may facilitate non-invasive identification of
patients requiring different therapeutic interventions"*".

Omics approaches

Advances in omics technologies have transformed the search for non-invasive biomarkers for MASLD across
the entire disease spectrum. For example, genomics has identified risk variants associated with MASLD. It
has been observed that combining these variants into polygenic risk scores can help identify individuals with
distinct phenotypes who will follow clinically distinct disease courses!'*?. Regarding transcriptomics, a
systematic review of 1,149 studies identified miR-122 as the most studied microRNA in MASLD, followed by
miR-21, miR-34a, and miR-192-5p. For the detection of MASLD, miR-200 and miR-298 demonstrated area
under the curve (AUCs) of 0.96 and 0.98, respectively. In MASH, miR-200, miR-298 and miR-342 achieved
AUCs of up to 0.99, while miR-122 showed values ranging from 0.81 to 1.0""”\. Prognostically, elevated levels
of miR-122 correlated with disease severity and fibrosis progression, and miR-21 and miR-223 were
specifically linked to obesity-associated MASH"*?!. In clinical studies, combined miRNA panels with
metabolic parameters have shown AUCs of up to 0.95 for steatosis when combining miR-126-5p with leptin,
and 0.81 for hepatic fat content!"**). However, variability across cohorts, a lack of standardization in
quantification and the absence of validation still limit its clinical translation"*). Meanwhile, high-resolution
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proteomics using mass spectrometry has identified plasma panels with significant diagnostic potential. A
panel of three proteins IGFBP7, SSc5D and Sema4D, linked to ECM remodeling and hepatic inflammation,
achieved an AUC of 0.87-0.89 for the detection of significant fibrosis in MASLD!""**), Five-protein panels
including ALDOB, IGF1, and IGF2, associated with hepatocellular metabolic dysfunction, outperformed
FIB-4 and APRI in the diagnosis of MASLD and fibrosis = F2""””. Finally, metabolomics and lipidomics have
identified plasma signatures with AUCs of up to 0.94 for advanced fibrosis, including decreased levels of
lysophospholipids and sphingomyelins and increased levels of unsaturated triglycerides"". Specific lipid
profiles also allow for differentiation between MASLD and MetALD"".,

Single-cell RNA sequencing and spatial transcriptomics

Single-cell RNA sequencing (scRNA-seq) and spatial transcriptomics have redefined our cellular
understanding of MASLD with unprecedented resolution. scRNA-seq has revealed functional heterogeneity
in subpopulations of HSCs, myofibroblasts and monocyte-derived macrophages, with variations in ECM
production and cytokine release among subtypes of the same cell type!''*’. The integration of both
technologies in MASH liver demonstrated that early infiltration of Kupffer cells and T lymphocytes triggers
HSCs activation, identifying ADAMTSL2, PTGDS and S100A6 as genes spatially correlated with the degree
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of fibrosis!"'"l. A spatial multi-omic atlas of 61 human livers identified the microphthalmia-associated
transcription factor as a key regulator of lipid-laden macrophages and delineated profibrotic communication
between central vein endothelial cells and stellate cells in advanced MASH. Meanwhile, multiplexed
fluorescent in situ hybridization was used to characterize two hepatocyte populations that expand with
fibrotic lesions without a defined zonal distribution"'>""*. These findings pave the way for the molecular
subtyping of MASLD and the identification of cell-type-specific biomarkers to complement current non-

invasive diagnostic tools.

MASLD-specific diagnostic algorithms

International guidelines, such as those from the EASL, AASLD and the Asian Pacific Association for the
Study of the Liver (APASL), suggest sequential non-invasive diagnostic algorithms designed to maximize
accessibility while minimizing unnecessary liver biopsies [Table 3]/21s2on1a1s],

The EASL recommends a stepwise approach that begins with FIB-4 in at-risk populations, followed by
elastography or specialized serum biomarkers in individuals with indeterminate or high scores. Patients with
evidence of advanced fibrosis should subsequently undergo hepatology referral and HCC surveillance
evaluation'”’. Similarly, the AASLD endorses FIB-4 as a tool for initial risk stratification in primary care,
followed by a secondary evaluation using elastography or specialized serological tests, depending on local
availability and the clinical context">*!. Finally, the APASL emphasizes the regional adaptation of diagnostic
algorithms, prioritizing non-invasive assessment in populations at high metabolic risk, and highlighting the
importance of integrating cardiometabolic risk management into these algorithms"'.

LIVER BIOPSY AND HISTOPATHOLOGY IN MASLD

Despite the evolution of NITs, liver biopsy continues to be the gold standard for the histopathological
diagnosis and staging of MASLD, particularly in patients with suspected MASH and advanced fibrosis"*>®*!.
Histopathological evaluation provides direct visualization of steatosis, hepatocellular injury, lobular
inflammation, fibrosis, and/or concomitant diseases that may not be identified using NITs alone'*'\.
Nevertheless, the role of liver biopsy has progressively shifted from routine diagnostic use toward selective
application in complex clinical scenarios, prognostic stratification, and research!®*!. Notably, clinical
practices for liver biopsy vary considerably from one center to another due to the lack of international
standards, which influences both the indication and the technique used"*.
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Table 3. Stepwise non-invasive diagnostic algorithm for MASLD based on international guidelines consensus

Step Clinical objective

Recommended tool

Interpretation

Alternative in low-resource
settings

Identification of at-risk
population

2 Steatosis detection

First-line fibrosis

3 stratification
Second-line fibrosis

4 assessment (indeterminate
FIB-4)

s Confirmation of advanced
fibrosis/MASH activity

6 Complex or discordant
cases

7 Advanced fibrosis/cirrhosis

management

Clinical history +

cardiometabolic criteria (T2D,

abdominal obesity + =1 risk

factor, or persistently elevated

liver enzymes)

Abdominal ultrasound

FIB-4 index

VCTE

ELF test or PRO-C3

MRE or liver biopsy

Hepatology referral + LSM
assessment (VCTE) for PH

evaluation + HCC surveillance

(ultrasound + AFP every 6

Presence of 21 criterion triggers
diagnostic workup

Echogenic liver pattern suggestive of
steatosis

< 1.3: low risk — follow-up in primary
care; 1.3-2.67: indeterminate —
second-line assessment; = 2.67: high
risk — hepatology referral

LSM < 8 kPa: no advanced fibrosis;
8-12 kPa: indeterminate; > 12 kPa:
advanced fibrosis

Complementary to elastography; high
ELF indicates active fibrogenesis

MRE: most accurate NIT for fibrosis
staging; biopsy reserved for diagnostic
uncertainty or suspected alternative
aetiology

LSM > 20 kPa: high risk of clinically
significant PH

Identical

Identical

Identical

If VCTE unavailable: ELF test; if
neither VCTE nor ELF available:
NFS, APRI or serial FIB-4m4ms

If neither available: serial FIB-4
monitoring for fibrosis
progression assessmentt4

If MRE unavailable: VCTE as
surrogate, acknowledging lower
accuracy in complex casest"®;
biopsy only when strictly
necessary!"”

If LSM unavailable: clinical signs
+ platelet count as indirect proxy
for PH™®J; ultrasound + AFP

months)

Based on EASL-EASD-EASO 2024131, AASLD 20231 and APASL 20257 guidelines. Alternatives for low-resource settings were derived from
available evidence, as current international guidelines do not provide explicit recommendations for resource-limited contexts. MASLD: Metabolic
dysfunction-associated steatotic liver disease; T2D: type 2 diabetes; FIB-4: Fibrosis-4 index; VCTE: vibration-controlled transient elastography;
LSM: liver stiffness measurement; ELF: enhanced liver fibrosis test; PRO-C3: N-terminal pro-peptide of type Ill collagen; MRE: magnetic resonance
elastography; NFS: NAFLD fibrosis score; APRI: aspartate aminotransferase-to-platelet ratio index; HCC: hepatocellular carcinoma; AFP: alpha-
fetoprotein; MASH: metabolic dysfunction-associated steatohepatitis; PH: portal hypertension; NIT: non-invasive test; EASL: European Association
for the Study of the Liver; EASD: European Association for the Study of Diabetes; EASO: European Association for the Study of Obesity; AASLD:
American Association for the Study of Liver Diseases; APASL: Asian Pacific Association for the Study of the Liver.

When is biopsy still needed? Current indications

Currently, biopsy is reserved for clinical contexts in which diagnostic uncertainty persists, NITs have
discordant results, or confirmation of MASH and fibrosis degree is considered essential for treatment'®*/.
The main indications include the identification and staging of MASH in patients at high risk for advanced
fibrosis, suspected MetALD, autoimmune hepatitis, cholestasis, hereditary hemochromatosis, Wilson’s
disease, drug-induced liver injury, viral coinfection or unexplained laboratory abnormalities inconsistent
with the metabolic phenotype”***. In clinical trials, liver biopsy continues to be the gold standard for
defining therapeutic endpoints in MASH"*"\.

Limitations of liver biopsy

Sampling variability represents one of the most important limitations of liver biopsy"”". A standard liver
biopsy specimen samples only approximately 1/50,000 of the parenchyma, creating a substantial risk for
underestimation or overestimation of disease severity due to heterogeneous lesion distribution”'”. In
addition, histopathological interpretation is partially subjective and may be influenced by the pathologist’s
experience and the scoring methodology used, with hepatocellular ballooning and low-grade inflammatory
activity being the findings with the greatest interobserver variability!*"’. Beyond these technical and
interpretive limitations, a liver biopsy is an invasive procedure associated with discomfort, pain, the risk of
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SIMPLE
STEATOSIS (SS)

STEATOHEPATITIS ADVANCED

MILD FIBROSIS FIBROSIS

CIRRHOSIS

Histology F |
Macrovesicular steatosis Hepatocellular ballooning. Activation °f.HSCS Bridging fibrosis Regenerative nodules
Minimal or no inflammation Lobular inflammation. .E.CM df*P°5|t|°"- Architectural distortion Extensive fibrosis
No i is (usually >5%) Perisinusoidal vand portal Nodule formation Architectural distortion
fibrosis
Steatosis: 1-3 Steatosis: 1-3
Ballooning: 0 Ballooning: 1-2 NAS: variable NAS: variable NAS: variable
Inflammation: 0-1 Inflammation: 1-3 Fibrosis: F1-F2 Fibrosis: F3 Fibrosis: F4
NAS: 1-4 NAS: 25 Perisinusoidal t portal Bridging Cirrhosis
Fibrosis: FO Fibrosis: FO-F1

Figure 4. Histopathological spectrum of MASLD and corresponding parameters of the NASH-CRN scoring system. Representative
histology and main characteristics of each stage of the disease, including the components of the NAS score (steatosis, lobular
inflammation, and hepatocellular ballooning) and the corresponding stage of fibrosis (FO-F4). Micrographs were obtained at X100
(cirrhosis), X200 (SS, mild and advanced fibrosis), and X400 (MASH); scale bars represent 50 pm. Created in BioRender. Ramirez, M.
(2026) https://BioRender.com/hthbzdp. SS: Simple steatosis; MASH: metabolic dysfunction-associated steatohepatitis; HSCs: hepatic
stellate cells; ECM: extracellular matrix; NAS: NAFLD Activity Score; NASH-CRN: Nonalcoholic Steatohepatitis Clinical Research Network.

bleeding, infection, and rare but serious complications such as hemoperitoneum!>*!. In this context, for focal
lesions in anatomically complex locations, such as those adjacent to the gallbladder, hilar liver masses,
subdiaphragmatic lesions, or lesions of the caudate lobe, laparoscopic biopsy offers significant advantages
over conventional percutaneous biopsy. It allows for direct visualization of the liver surface and
complements percutaneous biopsy in high-risk cases or those with difficult access!"**). To address these
limitations, advances in digital pathology and artificial intelligence (AI)-assisted analysis aim to reduce
observer-dependent variability and improve diagnostic reproducibility!*.

Scoring systems

The NAS, developed by the NASH Clinical Research Network (NASH-CRN), is one of the most widely used
histopathological grading systems in both clinical research and therapeutic trials. The NAS score is derived
from the assessment of steatosis degree (0-3), lobular inflammation (0-3), and hepatocellular ballooning
(0-2), making a score ranging from 0-8"**.. On the other hand, the steatosis-activity-fibrosis score (SAF) was
specifically designed to improve diagnostic reproducibility and classification of MASH"**.. It independently
evaluates steatosis degree (S0-S3), inflammatory activity (A0-A4), and fibrosis (Fo-F4) [Figure 4]. Activity
scoring incorporates both ballooning degeneration and lobular inflammation, facilitating a more
standardized characterization of the injury!*.

Toward biopsy-free endpoints in clinical trials

The recognition of biopsy limitations has accelerated efforts to establish validated non-invasive biomarkers
as surrogate endpoints for therapeutic trials in MASLD and MASH, with clinical trials increasingly
incorporating multimodal combinations of serum biomarkers, elastography, and imaging studies to select
patients with active fibrosis and monitor treatment response without serial liver biopsies®'*’),

MetALD: AN EMERGING CLINICAL ENTITY

MetALD represents a clinically distinct entity within the spectrum of SLD. Regarding its natural history,
MetALD has been shown to carry a worse prognosis than pure MASLD. A meta-analysis involving more
than 9.8 million participants demonstrated that MetALD is associated with higher cancer mortality [hazard
ratio (HR) 2.10; 95%CI: 1.35-3.28] and cardiovascular mortality (HR 1.17; 95%CI: 1.12-1.22) compared with
individuals without SLD!"**!. Furthermore, a more recent meta-analysis involving 11.5 million adults
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confirmed that MetALD, compared with MASLD, is associated with a higher risk of hepatic events (HR 1.62)
and HCC (HR 1.33), with no significant differences in cardiovascular risk between the two conditions'’.
From a clinical perspective, MetALD requires a multidisciplinary approach that integrates hepatological
evaluation with interventions targeting alcohol consumption and cardiometabolic control. Abstinence or
reduction in alcohol consumption is the primary therapeutic goal. The EASL and AASLD guidelines
recommend restriction or abstinence for all individuals with SLD and metabolic risk factors, regardless of
their level of consumption">*,

Measuring alcohol consumption in MetALD

Accurately measuring alcohol consumption is the main diagnostic challenge in MetALD, as it relies on self-
reporting, which systematically underestimates actual consumption due to stigma and memory bias'**. In
clinical practice, standardized questionnaires such as the alcohol use disorders identification test (AUDIT),
are the first-line tool for estimating consumption. However, their agreement with objective biomarkers is
moderate"?”). Phosphatidylethanol (PEth) is an ethanol metabolite incorporated into the erythrocyte
membrane; it is detectable in whole blood for up to four weeks after consumption and has high sensitivity
and specificity for recent alcohol intake!"**'*°). Tts use in conjunction with self-reporting increases the
diagnosis of MetALD by up to four times and that of ALD by up to three times compared to self-reporting

129

alone!*”. PEth levels between 35 and 210 ng/mL identify approximately 20% of patients with presumed
MASLD who actually have MetALD"**. The thresholds most commonly used in clinical practice are < 20
ng/mL to confirm abstinence and 2 200 ng/mL for excessive consumption, based on the Basel Consensus,
although their application in SLD requires contextual interpretation*. However, PEth should not be used as
a stand-alone tool. Advanced cirrhosis can falsely lower PEth levels due to a shortened erythrocyte survival
time and its interlaboratory variability reaches coefficients of variation of 12%-15%"*\. Its optimal use is as a
complement to self-reports and the AUDIT, within the framework of an integrated clinical algorithm. The
FIB-4 keeps comparable diagnostic accuracy in MetALD and MASLD, although there are currently no

validated diagnostic algorithms specific to MetALD!">***),

GAPS AND FUTURE DIRECTIONS IN MASLD RESEARCH

Despite the progress made, there are still significant gaps in our understanding of MASLD. Epidemiological
data from low- and middle-income countries are scarce, which limits the validity of global estimates and risk
models'’. Beyond the epidemiological data, there are certain populations that remain systematically
underserved. MASLD in lean patients is no longer a diagnostic gray area, as there are now BMI-independent
criteria that have improved its recognition®’. The real gap lies in how often their risk of progression and
complications is underestimated. Despite the absence of obesity, lean patients can develop significant fibrosis
and suffer from liver complications at rates comparable to those of individuals with obesity. However, they
are frequently excluded from high-risk screening programs and receive inadequate treatment”***. Pediatric
MASLD is similarly poorly characterized. Currently, there are no validated non-invasive biomarkers of
fibrosis, clinical trials are limited and long-term outcomes are poorly defined. MetALD, in turn, is an
emerging but still poorly understood condition. There is a lack of specific diagnostic algorithms, longitudinal
studies characterizing its natural history and rates of fibrosis progression, and clinical trials targeting this
population!**.

Stigma is another gap that rarely receives enough attention. Defining the disease as “fatty” and “non-
alcoholic” carries implicit moral judgments that influence how patients are treated and their decision to seek
medical care. The change in nomenclature to MASLD helped, but the stigma surrounding obesity and
metabolic diseases persists in clinical settings. Language reform alone is not enough, clinical culture and
medical training must also change!*>**.
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Regarding diagnosis, NITs have transformed clinical practice, but access remains profoundly unequal.
Sequential algorithms are costly, the FIB-4 lacks specificity in intermediate-risk populations and MRE and
MRI-PDFF are beyond the reach of most healthcare systems. These disparities disproportionately affect
regions with the highest burden of MASLD, including Latin America and sub-Saharan Africa>*!. Beyond
access, most available biomarkers have failed to identify active fibrogenesis. Omics-based approaches have
identified promising candidate biomarkers, but none have yet reached clinical implementation. Multi-omics
integration represents the most transformative pathway for non-invasive diagnosis and molecular subtyping
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of the disease"*). Machine-learning-assisted integration and international registries complement this
landscape!™*"**!. The approval of Resmetirom and the growing number of therapies in development mark the
beginning of a new therapeutic era for MASLD. To take advantage of this progress, we need to close the gaps
in our knowledge so we can identify the right patients early and accurately, before the disease progresses to

irreversible stages!**'*.

CONCLUSION

MASLD represents a global public health problem. Its burden continues to rise, disproportionately affecting
certain regions and populations. Its multisystemic nature, driven by metabolic dysfunction, genetic
susceptibility, and environmental and sociodemographic factors, requires a comprehensive diagnostic
approach. Advances in non-invasive tools have transformed the diagnostic paradigm, enabling more
accessible and reproducible risk stratification. In this context, simple serum scores such as FIB-4 are
recommended as first-line tools for fibrosis assessment, as they facilitate early identification of patients
requiring specialized evaluation. However, their limitations must be considered in specific populations, and
their implementation will depend on resource availability in each clinical setting. Furthermore, the approval
of Resmetirom marks the beginning of a new therapeutic era, in which timely and accurate diagnosis
becomes a clinical priority with direct implications for prognosis.
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