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A B S T R A C T   

Background: Non-invasive tools (NIT) for metabolic-dysfunction associated liver disease (MASLD) screening or 
diagnosis need to be thoroughly validated using liver biopsies. 
Purpose: To externally validate NITs designed to differentiate the presence or absence of liver steatosis as well as 
more advanced disease stages, to confirm fully validated indexes (n = 7 NITs), to fully validate partially validated 
indexes (n = 5 NITs), and to validate for the first time one new index (n = 1 NIT). 
Methods: This is a multi-center study from two Gastroenterology-Hepatology Departments (Greece and Australia) 
and one Bariatric-Metabolic Surgery Department (Italy). Overall, n = 455 serum samples of patients with biopsy- 
proven MASLD (n = 374, including 237 patients with metabolic-dysfunction associated steatohepatitis (MASH)) 
and Controls (n = 81) were recruited. A complete validation analysis was performed to differentiate the presence 
of MASLD vs. Controls, MASH vs. metabolic-dysfunction associated steatotic liver (MASL), histological features 
of MASH, and fibrosis stages. 
Results: The index of NASH (ION) demonstrated the highest differentiation ability for the presence of MASLD vs. 
Controls, with the area under the curve (AUC) being 0.894. For specific histological characterization of MASH, 
no NIT demonstrated adequate performance, while in the case of specific features of MASH, such as hepato
cellular ballooning and lobular inflammation, ION demonstrated the best performance with AUC being close to 
or above 0.850. For fibrosis (F) classification, the highest AUC was reached by the aspartate aminotransferase to 
platelet ratio index (APRI) being ~0.850 yet only with the potential to differentiate the severe fibrosis stages (F3, 
F4) vs. mild or moderate fibrosis (F0–2) with an AUC > 0.900 in patients without T2DM. When we excluded 

Abbreviations: ALT, alanine aminotransferase; APRI, aspartate aminotransferase to Platelet Ratio Index; AST, aspartate aminotransferase; AUC, area under the 
curve; CRN, Clinical Research Network; FIB-4, Fibrosis-4 Index; FLI, Fatty Liver Index; HSI, Hepatic Steatosis Index; ION, index of NASH; LAP, Lipid Accumulation 
Product; LFS, Liver Fat Score; MASLD, Metabolic-dysfunction associated steatotic liver disease; MAFL, Metabolic-dysfunction associated steatotic liver; MASH, 
Metabolic-dysfunction associated steatohepatitis; NAFLD, non-alcoholic fatty liver disease; NAS, Non-alcoholic Fatty Liver Disease Activity Score; NFS, Non-alcoholic 
Fatty Liver Disease Fibrosis Score; NІΤ, non-invasive tools; NPV, Negative predictive value; PPV, Positive predictive value; ROC, Receiver operating characteristic; 
T2DM, type 2 diabetes mellitus; TyG, Triglyceride to Glucose index; TyGO, Original Triglyceride to Glucose index. 
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patients with morbid obesity, the differentiation ability of APRI was improved, reaching AUC = 0.802 for 
differentiating the presence of fibrosis F2–4 vs. F0–1. The recommended by current guidelines index FIB-4 
seemed to differentiate adequately between severe (i.e., F3–4) and mild or moderate fibrosis (F0–2) with an 
AUC = 0.820, yet this was not the case when FIB-4 was used to classify patients with fibrosis F2–4 vs. F0–1. 
Trying to improve the predictive value of all NITs, using Youden's methodology, to optimize the suggested cut-off 
points did not materially improve the results. 
Conclusions: The validation of currently available NITs using biopsy-proven samples provides new evidence for 
their ability to differentiate between specific disease stages, histological features, and, most importantly, fibrosis 
grading. The overall performance of the examined NITs needs to be further improved for applications in the 
clinic.   

1. Introduction 

NAFLD - or MASLD which is the latest term very recently suggested 
in a multi-society Delphi consensus statement [45] - is a chronic liver 
disease that affects more than a quarter of the global population [1]. The 
prevalence of MASLD is increasing worldwide, from 43.1 % in 2020 to 
50 % by 2040 in North America, and from 43.4 % in 2020 to over 60 % 
by 2040 in Europe and Asia [2]. The rising burden of MASLD is strongly 
associated with the pandemic of obesity and its cardio-metabolic con
sequences [3]. MASH is also in the epicenter of scientific interest [4]; at 
least 20–30 % of patients with MASLD develop MASH, which can lead to 
cirrhosis and associated complications, including hepatocellular cancer 
[5]. Moreover, with the aging of the affected population and longer 
exposure to the condition, the disease burden from cirrhosis due to 
MASLD is expected to increase around two to three-fold from 2015 to 
2030 in many regions around the globe [6]. 

Despite these alarming trends, >70 % of MASLD cases are under
diagnosed, and only 3 % of patients with MASLD and at high risk of 
advanced fibrosis development receive specialized care [7]. The refer
ence standard for the evaluation of MASLD and determination of disease 
progression is the histological examination of liver tissue through liver 
biopsy [8]. However, this process is followed by patient discomfort and 
risk of complications [8]. Simple NITs used at least for the first screening 
of a patient with a high-risk metabolic profile to determine the presence 
of liver abnormalities are highly demanded [9]. This approach can be 
cost-effective for the healthcare system, limiting unneeded clinical ex
aminations and driving at the same time the treatment [10]. Towards 
this perspective, non-invasive diagnostic scores, which include acces
sible and widely available clinical, biochemical, and metabolic param
eters, have been developed [11–19]. These NITs have been validated 
using liver imaging or histological assessment of the liver for specific 
MASLD features. However, to obtain comparable results, the validation 
process should be performed against the gold standard method of liver 
biopsy, which has not always been done. 

Thus, we used the data from a multi-center, diagnostic accuracy 
study, to test the performance of thirteen (13) NITs using biopsy as a 
gold standard. The specific objectives were to examine (a) the potential 
use of the available NITs to differentiate MASLD, NASH, and liver 
fibrosis, i.e., above and beyond the initial context of use for which these 
indexes were created; (b) the potential use of different cut-off points – 
compared with the standard cut-off points – for each index after maxi
mizing sensitivity or specificity using Youden's methodology to rule out 
or rule in the presence of liver pathology. 

2. Methods 

2.1. Sample and setting 

Overall, n = 455 data and serum samples of patients with available 
histological assessment of the liver through biopsy were collected in 
three medical centers. More specifically, n = 297 serum samples (235 
MASLD cases; 62 Controls (i.e., absence of MASLD)) were collected by 
the Bariatric-Metabolic Surgery Department of the Università Cattolica 
del Sacro Cuore, Rome, Italy (Study 1). Additionally, n = 36 samples (all 

MASLD cases) were collected in Greece by the Gastroenterology- 
Hepatology Department of the Medical School of National and Kapo
distrian University of Athens, General Hospital of Athens “Laiko” (Study 
2) as well as n = 122 serum samples (103 MASLD cases; 19 Controls (i.e., 
absence of MASLD)) were collected in Australia, by the 
Gastroenterology-Hepatology Department of the University of Sydney, 
Westmead Hospital, and Sydney West Local Health District (Study 3). 
Biochemical assessment (i.e., chemistry and hematology (e.g., ALT, AST, 
platelets, etc.)), as well as insulin and lipid profiles in participants' 
serum, were implemented after participant assignment to the study. 

More details on the study centers and the specific criteria according 
to which patients were assigned for liver biopsy can be found in Table 1. 

2.1.1. Bioethics 
All studies were done in accordance with the Declaration of Helsinki, 

Good Clinical Practice, and applicable regulatory requirements. The 
protocol in Study 1 was approved by the Ethics Committees of Fonda
zione Policlinico A Gemelli, Policlinico Umberto I, and Azienda Ospe
daliera San Camillo-Forlanini, Rome, Italy. The protocol in Study 2 was 
approved by the Ethical Committee in the General Hospital of Athens 
“Laiko”. The protocol in Study 3 was approved by the Western Sydney 
Local Health District. All participants provided their consent form to 
undergo liver biopsy. The anonymized data were shared with Beth Israel 
Deaconess Medical Center (BIDMC) without any possibility for deiden
tification. The BIDMC Institutional Review Board (IRB) provided an 
exempt ethics approval. 

2.1.2. Study 1 
Samples from Study 1 were collected in the context of a randomized- 

controlled clinical trial [20]. In particular, between April 15, 2019, and 
June 21, 2021, n = 431 individuals eligible for bariatric surgery that 
visited the Bariatric-Metabolic Surgery Department of the Università 
Cattolica del Sacro Cuore in Rome, Italy were referred to liver biopsy if 
they met the referral criteria described in Table 1; enrollment in the 
study was considered upon positive liver biopsy. Candidates without 
MASLD were enrolled from patients that underwent laparoscopic elec
tive cholecystectomy in the clinic; enrollment in the study was consid
ered upon negative liver biopsy. 

2.1.3. Study 2 
The Study 2 was performed in a Gastroenterology-Hepatology 

Department of the University of Athens Laikon Hospital, in Athens 
Greece. Patients were collected retrospectively using hospital health 
records (Table 1). Enrollment in the study was considered upon positive 
liver biopsy. The maximum time gap between liver biopsy and serum 
sample selection was six months. In total, n = 69 patients with biopsy- 
proven MASLD were examined for potential inclusion in the study. 
Overall, n = 33 patients were excluded due to the time gap between 
biopsy and serum sample selection above the accepted time limit for a 
final sample size of n = 36 patients with biopsy-proven MASLD. 

2.1.4. Study 3 
The Study 3 was performed in a Gastroenterology-Hepatology 

Department of the University of Sydney, Westmead Hospital, Sydney 
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West Local Health District in Australia. Individuals visiting the clinic 
with indications of impaired liver function tests – as summarized in 
Table 1 – were assigned to liver biopsy; positive or negative biopsy 
resulted in enrollment to the study as MASLD patient or control. Can
didates without MASLD (Controls) were also collected from individuals 
that underwent gallbladder surgery in the clinic; enrollment to the study 
was considered upon negative liver biopsy. 

Due to the similar profile of MASLD patients assigned in Study 2 and 
Study 3 (i.e., patients visiting Gastroenterology-Hepatology De
partments with impaired liver function tests), the respective samples 
were merged and examined against the participants assigned in Study 1 
(i.e., patients with class I-III obesity and T2DM evaluated in the 
Bariatric-Metabolic Surgery Department). 

2.2. Diagnosis of MASLD, MASH, and fibrotic staging 

The presence of MASLD and MASH was defined according to the 

recently suggested algorithm [45]. Percutaneous liver biopsies were 
performed using ultrasonography. Each biopsy was assessed centrally 
and subsequently read by two expert hepato-pathologists independently 
to assess NAS and fibrosis stage (according to NASH-CRN criteria) in a 
blinded manner (degree of concordance 85 %). Diagnosis of MASLD was 
defined according to the NASH CRN criteria through biopsy as per 
standard procedure and after excluding other liver diseases or other 
causes of secondary fatty liver disease [21,22]. MASH was defined as 
NAS ≥ 4, including a score of 1 or more in each component according to 
the NAS system – i.e. steatosis, ballooning degeneration, and lobular 
inflammation, on screening or historic (within the previous 6 months) 
biopsy as determined by a single central reader [21,22]. Steatosis was 
graded from 0 to 3. The presence and stages of liver fibrosis were per
formed using the NASH-CRN system: Stage 0 indicates no fibrosis (F0), 
Stage 1 indicates centrilobular pericellular fibrosis (F1), Stage 2 in
dicates centrilobular and periportal fibrosis (F2), Stage 3 indicates 
bridging fibrosis (F3), and Stage 4 indicates cirrhosis (F4) [12,16]. 

Table 1 
Description of studies.  

Region Study 1 Study 2 Study 3 

Italy Greece Australia 

Controls 
N = 62 

Patients 
N = 235 

Controls 
N = 0 

Patients 
N = 36 

Controls 
N = 19 

Patients 
N = 103 

Center Bariatric-Metabolic Surgery Department, 
Università Cattolica del Sacro Cuore, 
Rome, Italy 

Department of Gastroenterology of the Medical 
School of National and Kapodistrian University of 
Athens, General Hospital of Athens “Laiko” 

Department of Gastroenterology-Hepatology of 
the University of Sydney, Westmead Hospital, 
Sydney West Local Health District 

Number of centers Single-center Single-center Single-center 
Type of center Bariatric-Metabolic Surgery Department Gastroenterology-Hepatology Department Gastroenterology-Hepatology Department 
Type of care Secondary care Secondary care Secondary care 
Recruitment of participants Prospective Retrospective Retrospective 
Serum collection in relation 

to liver biopsy 
Cross-sectional (serum samples selected 
at the same time as liver biopsy) 

Cross-sectional (allowed time gap between serum 
selection and liver biopsy ≤ 6 months) 

Cross-sectional (serum samples selected at the 
same time as liver biopsy) 

Data source In the context of a randomized controlled 
clinical trial 

In the context of a cohort study utilizing health 
records 

In the context of a cohort study 

Candidate patients referred 
for liver biopsy  

▪ Candidates for bariatric surgery 
with BMI = 30–55 kg/m2 and 
type 2 diabetes 

AND   

▪ Confirmed steatosis via 
ultrasonography 

AND   

▪ NAFLD Fibrosis score > − 1.455 
AND   

▪ Signed consent form  

▪ Abnormal liver function tests 
AND/OR   

▪ FibroScan- liver stiffness >8 kPa 
AND   

▪ Signed consent form 

Criteria before 2008   

▪ Abnormal liver function tests after a 4- 
month lifestyle intervention 

Criteria 2008 onwards   

▪ FibroScan- liver stiffness >12 kPa 
AND   

▪ Signed consent form 

Candidate controls referred 
for liver biopsy  

▪ Laparoscopic elective 
cholecystectomy 

AND   

▪ Signed consent form 

No controls assigned Criteria before 2008   

▪ Abnormal liver function tests after a 4- 
month lifestyle intervention 

Criteria 2008 onwards   

▪ FibroScan- liver stiffness > 12 kPa 
OR   

▪ Gall bladder surgery 
AND   

▪ Signed consent form 
Enrollment in the study, 

patients 
Positive liver biopsy Positive liver biopsy Positive liver biopsy 

Enrollment in the study, 
controls 

Negative liver biopsy No controls assigned Negative liver biopsy 

Patients refer to participants with metabolic-dysfunction associated steatotic liver disease (MASLD) confirmed through liver biopsy. 
Controls refer to free-of-MASLD participants confirmed through liver biopsy. 
Abbreviations: Alanine aminotransferase (ALT); Fibrosis score 4 (FIB-4); Non-alcoholic fatty liver disease (NAFLD). 
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Hepatocellular ballooning grading 0 (i.e., none), 1 (i.e., few), and 2 (i.e., 
many), as well as lobular inflammation from grade 0 to grade 3 were 
assessed [19]; for the scope of the present work, all grades ≥ 1 were 
merged in one category and examined against no ballooning or no 
inflammation. 

2.3. Non-invasive assessment of MASLD, MASH, and fibrotic stages 

Overall, n = 13 NITs were examined for their ability to differentiate 
the presence of MASLD and the specific histological characteristics 
(simple steatosis, hepatocellular ballooning, lobular inflammation) and 
grading of liver fibrosis. Each NIT was examined according to all the 
aforementioned liver outcomes – irrespective of the initially recom
mended context of use. To this issue, we examined a. steatosis-related 
indexes (i.e., HSI, FLI, LAP, NAFLD-LFS), b. fibrosis-related indexes (i. 
e., FIB-4, APRI, and NFS) and c. other MASLD-related indexes (i.e., ION, 
TyGO and TyG, AST/ALT ratio, ALT/AST ratio), for which the original 
TyGO is presented and compared with its variation TyG, that has been 
found to present an incidental modification of the formula, creating 
confusion in the literature [23]. All the formulas and standard or pre
viously suggested cut-off points are summarized in Supplementary 
Table 1. Additionally, we proposed an exploratory adjustment for HSI 
called α-HSI, which has a similar structure to HSI yet reversing the ratio 
of transaminases (i.e., from ALT/AST to AST/ALT). 

2.4. Statistical analyses 

Continuous variables are presented as mean (standard error of 
mean). In the case of continuous, normally distributed variables, p- 
values were obtained through Student's t-test for independent samples. 
The normality of the continuous variables' distribution was tested 
through the P–P plot and the Shapiro-Wilk test. Post-hoc pairwise 
comparisons with Bonferroni correction were also performed. In the 
case of categorical variables, p-values were obtained through Chi-square 
test. The differentiation abilities of the examined NITs in relation to the 
presence vs. absence of MASLD presence as well as different MASLD and 
fibrosis stages was examined by assessing the AUC and the corre
sponding 95 % Confidence Interval through ROC analysis. Sensitivity 
(Recall), Specificity, PPV; Precision, and NPV were evaluated using 
standard formulas to evaluate the performance of the indexes as per 
suggested cut-off points. Accuracy was also evaluated to depict the 
overall performance of the index. Two cut-off points were suggested to 
rule in or rule out participants through maximizing specificity or 
sensitivity, respectively, at 0.70. All statistical analyses were performed 
with IBM SPSS Statistics for Windows, Version 28.0 (IBM Corp., 
Armonk, NY) for Windows, and GraphPad Prism 9.3.1. (GraphPad 
Software Inc., La Jolla, CA), and R studio platforms (Boston, MA, 
02210). 

Table 2 
Participants' demographic, clinical, and biochemical characteristics according to the presence of MASLD as well as specific MASLD stages, per study center (n = 455).  

Study center  Controls All MASLD MASL MASH p-Value p-Valuea 

Gastroenterology-Hepatology Department N 19 139 48 91 – – 
Bariatric-Metabolic Surgery Department 62 235 89 146 – – 
Gastroenterology-Hepatology Department Age, years 51 (3) 56 (1) 54 (2) 57 (1) 0.105 0.100 
Bariatric-Metabolic Surgery Department 40 (1) 49 (1) 49 (1) 48 (1) <0.001 0.528 
Gastroenterology-Hepatology Department Female sex, % 74 50 42 55 0.048 0.139 
Bariatric-Metabolic Surgery Department 71 52 54 51 0.006 0.704 
Gastroenterology-Hepatology Department BMI, kg/m2 31.2 (1.70) 32.6 (0.55) 32.27 (1.04) 32.74 (0.64) 0.434 0.704 
Bariatric-Metabolic Surgery Department 31.2 (1.35) 42.8 (0.37) 41.96 (0.63) 43.25 (0.45) <0.001 0.096 
Gastroenterology-Hepatology Department Waist circumference, cm 95 (5) 107 (1) 106 (3) 108 (1) 0.040 0.523 
Bariatric-Metabolic Surgery Department 121 (3) 131 (1) 129 (2) 132 (1) 0.007 0.114 
Gastroenterology-Hepatology Department Waist-to-hip ratio 0.88 (0.02) 0.98 (0.09) 0.96 (0.02) 0.99 (0.01) <0.001 0.088 
Bariatric-Metabolic Surgery Department 0.90 (0.03) 1.00 (0.06) 0.98 (0.01) 1.00 (0.07) 0.002 0.095 
Gastroenterology-Hepatology Department HOMA-IR, units 2.36 (0.36) 5.58 (0.30) 4.53 (0.52) 6.15 (0.35) <0.001 0.012 
Bariatric-Metabolic Surgery Department 2.14 (0.13) 6.77 (0.30) 5.19 (0.41) 7.70 (0.39) <0.001 <0.001 
Gastroenterology-Hepatology Department Type 2 diabetes, % 16 58 49 62 <0.001 0.167 
Bariatric-Metabolic Surgery Department 2 44 39 47 <0.001 0.235 
Gastroenterology-Hepatology Department CHOL, mg/dL 202 (11) 174 (4) 178 (7) 172.5 (5) 0.025 0.550 
Bariatric-Metabolic Surgery Department 174 (4) 190 (2) 185 (4) 193 (3) <0.001 0.112 
Gastroenterology-Hepatology Department LDL-C, mg/dL 124 (9) 98 (4) 106 (7) 95 (5) 0.022 0.181 
Bariatric-Metabolic Surgery Department 104 (3) 115 (2) 116 (4) 115 (3) 0.001 0.808 
Gastroenterology-Hepatology Department Triglycerides, mg/dL 109 (13) 148 (6) 135 (10) 155 (7) 0.009 0.098 
Bariatric-Metabolic Surgery Department 103 (3) 152 (4) 138 (6) 161 (5) <0.001 0.007 
Gastroenterology-Hepatology Department HDL-C, mg/dL 61(4) 47 (1) 47 (2) 47 (2) <0.001 0.959 
Bariatric-Metabolic Surgery Department 57 (2) 46 (1) 47 (1) 45 (1) <0.001 0.114 
Gastroenterology-Hepatology Department AST, UI/L 40 (5) 46 (2) 39 (3) 50 (2) 0.240 0.005 
Bariatric-Metabolic Surgery Department 16 (1) 25 (1) 21 (1) 28 (1) <0.001 <0.001 
Gastroenterology-Hepatology Department ALT, UI/L 50 (6) 62 (3) 49 (4) 68 (3) 0.090 0.004 
Bariatric-Metabolic Surgery Department 17 (1) 34 (1) 26 (1) 40 (2) <0.001 <0.001 
Gastroenterology-Hepatology Department GGT, UI/L 101 (15) 111 (9) 80 (11) 126 (12) 0.588 0.006 
Bariatric-Metabolic Surgery Department 21 (2) 36 (1) 27 (2) 41 (2) <0.001 <0.001 
Gastroenterology-Hepatology Department Albumin, g/L 42 (1) 42 (0) 43 (1) 42 (0) 0.881 0.109 
Bariatric-Metabolic Surgery Department 40 (0) 41 (0) 41 (0) 41 (0) <0.001 0.317 
Gastroenterology-Hepatology Department Platelets, x 109/L 246 (18) 219 (6) 228 (10) 214 (8) 0.172 0.138 
Bariatric-Metabolic Surgery Department 209 (5) 244 (4) 239 (6) 248 (5) <0.001 0.248 

Continuous variables are presented as mean (SEM), and categorical variables as frequencies (%). P-values for continuous variables were obtained through Student's t- 
test for independent samples. P-values for categorical variables were obtained through Chi-squared test. Bold indicates statistical significant differences (p-val
ue<0.05). 
Abbreviations: Alanine transaminase (ALT); Aspartate aminotransferase (AST); Body mass index (BMI); Gamma-glutamyl transferase (GGT); High-density lipoprotein 
cholesterol (HDL-C); Homeostatic Model Assessment for Insulin Resistance (HOMA-IR); Low-density lipoprotein cholesterol (LDL-C); Metabolic-dysfunction associated 
steatotic liver disease (MASLD); Metabolic-dysfunction associated steatohepatitis (MASH), Total cholesterol (CHOL). 

a p-values for the comparisons between MASL and MASH. 
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3. Results 

3.1. Demographic, clinical, and biochemical characteristics of the study 
participants 

Overall, n = 455 subjects, including n = 374 cases with MASLD (63 % 
NASH diagnosis) were recorded. Demographic, clinical, and biochem
ical characteristics (including glucose and lipid metabolism, and liver 
function markers) of participants per study center are summarized in 
Table 2. MASLD subjects had BMI within the range of obesity (78 % 
subjects with obesity), and 53 % had morbid obesity (i.e., Class III) (data 
not shown in Table). More specifically, MASLD patients from the 
Bariatric-Metabolic Surgery Department had around 10 points higher 
BMI (42.8 kg/m2) than the MASLD patients recruited from a 
Gastroenterology-Hepatology Department (32.6 kg/m2), which is justi
fied given the eligibility criteria for bariatric surgery (as per protocol). 
Central obesity was recorded in almost all MASLD patients. Investigating 
further the profile of Controls, the BMI was similar in both studied 
samples and close to 31 kg/m2; however, almost all Controls from the 
Bariatric-Metabolic Surgery Department had central obesity, with the 
respective frequency in Controls from the Gastroenterology-Hepatology 
Department being 47 %. Finally, renal function was within normal age- 
appropriate ranges for all groups (data not shown in Table). 

3.2. The differentiation ability of the examined NITs 

Irrespective of the original scope for which the examined NITs were 
created or previously validated, we examined their overall differentia
tion ability against many different outcomes, from the presence of 
overall MASLD, MASL, or MASH, to histological characteristics of NASH 
and liver fibrosis stages. All results are illustrated in Fig. 1. Overall, ION 
presented the highest ability to differentiate the presence vs. absence of 
MASLD, with the AUC being 0.894, as well as to differentiate the pres
ence of MASH among MASL patients, yet the AUC did not exceed 0.800 
(AUC = 0.747). In terms of histologic characterization of MASLD, again, 
ION presented the highest differentiation ability; for ballooning and 
inflammation, AUC = 0.839 and AUC = 0.856, respectively. Moreover, 
APRI presented the highest differentiation ability regarding fibrosis 
F2–4 vs. F0–1, yet the AUC did not exceed 0.800 (AUC = 0.735), as well 
as for F3–4 vs. F0–2 being close to 0.850 (AUC = 0.845), followed by – 
the recommended in guidelines – FIB-4 (AUC = 0.820). 

We validated for the first time using liver biopsies, the differentiation 
abilities of FLI and LAP in relation to fibrosis F2–4 vs. F0–1, yet these 
were very low (i.e., AUC < 0.510). Additionally, ION and HSI presented 

the most promising differentiation ability in relation to the presence or 
absence of histological characteristics of MASH (all AUCs > 0.800). The 
α-HSI we suggested herein did not show significant differences from the 
standard HSI, while no additive value compared with other indexes was 
observed. Furthermore, the TyGO and the TyG indices presented equal 
AUCs for all comparisons. 

3.2.1. Results from sensitivity analyses 
Sensitivity analyses were performed examining the differentiation 

ability of the examined NITs separately in the sample recruited in the 
Gastroenterology-Hepatology Departments compared with the sample 
recruited in the Bariatric-Metabolic Surgery Department, and results are 
summarized in Table 3. Differences from the observations above were 
seen in terms of differentiating fibrosis F2–4 vs. F0–1; in particular, LFS 
seemed to reach an AUC = 0.860 for patients visiting Gastroenterology- 
Hepatology Departments – with more significant impaired liver function 
tests – while ION had the best performance for the participants in the 
Bariatric-Metabolic Surgery Department (AUC = 0.664). Additionally, 
in the evaluation of hepatocellular ballooning and lobular inflammation, 
LFS showed the best diagnostic performance in the Bariatric-Metabolic 
Surgery Department (AUC = 0.894 and 0.873, respectively), which 
were very close to the AUCs obtained with ION. No other major differ
ences were revealed. 

Sensitivity analyses limited only to participants without T2DM or 
excluding participants with morbid obesity (BMI > 40 cm/kg2) were 
performed and are shown in Table 4. The only difference noted from the 
analyses within the complete study sample was in the differentiation of 
lobular inflammation when excluding patients with T2DM. More spe
cifically, LFS showed the highest AUC (0.848) but was very close to ION 
AUC (0.825). 

3.3. The accuracy of the standard cut-off points in the examined NITs, 
and their maximization 

The overall accuracy of the standard cut-off points of the examined 
NITs was assessed, and results are summarized in Tables 5–7. 

Starting with the differentiation of MASLD patients vs. Controls or 
the presence of MASH among patients with MASLD, results are provided 
in Table 5. Using the standard cut-off points, FLI has the highest accu
racy (0.90) for the comparison MASLD vs. Controls (Sensitivity: 0.99; 
PPV: 91 %). This index was followed by LFS, LAP, and HSI with accuracy 
scores >0.86; in this case, most of the suggested cut-off points seemed to 
be useful for ruling-out participants at a sensitivity > 0.92, yet the 
specificities were very low. 

Fig. 1. The differentiation ability of 13 non-invasive tools of MASLD vs. Controls, MASH vs. MASL, presence vs. absence of histological liver features, severe (F3–4) 
vs. mild/moderate (F0–2) liver fibrosis and moderate/severe (F2–4) vs. mild liver fibrosis (F0–1). 
Bold and white indicates the index that reached the highest AUC per outcome. 
Abbreviations: Aspartate aminotransferase to platelet ratio index (APRI); Hepatic Steatosis Index (HSI); Fatty Liver Index (FLI); Fibrosis-4 (FIB-4); Index of Non- 
alcoholic steatohepatitis (ION); Lipid Accumulation Product (LAP); Liver Fat Score (LFS); Metabolic-dysfunction associated steatotic liver disease (MASLD); 
Metabolic-dysfunction associated steatohepatitis (MASH); Non-alcoholic fatty liver disease fibrosis score (NFS); Original Triglycerides-Glucose index (TyGO); 
Triglycerides-Glucose index (TyG). 
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Table 3 
The differentiation ability of 13 non-invasive tools of MASLD vs. Controls, MASH vs. MASL, presence vs. absence of histological liver features, severe (F3–4) vs. mild/moderate (F0–2) liver fibrosis and moderate/severe 
(F2–4) vs. mild liver fibrosis (F0–1), according to the study center (n = 455).  

Outcome to 
discriminate 

Study center HSI α-HSI AST/ALT ALT/AST FLI LAP TyGO TyG ION FIB-4 APRI NFS LFS 

MASLD vs. 
Controls 

Gastroenterology- 
Hepatology 
Department 

0.588 
(0.446, 
0.731) 

0.600 
(0.438, 
0.762) 

0.475 
(0.327, 
0.623) 

0.525 
(0.377, 
0.673) 

0.694 
(0.522, 
0.866) 

0.803 
(0.672, 
0.933) 

0.751 
(0.630, 
0.873) 

0.751 
(0.630, 
0.873) 

0.879 
(0.796, 
0.962) 

0.693 
(0.543, 
0.843) 

0.668 
(0.528, 
0.808) 

0.735 
(0.581, 
0.888) 

0.858 
(0.718, 
0.999) 

Bariatric-Metabolic 
Surgery Department 

0.864 
(0.804, 
0.925) 

0.753 
(0.671, 
0.835) 

0.187 
(0.138, 
0.236) 

0.813 
(0.764, 
0.862) 

0.735 
(0.636, 
0.834) 

0.712 
(0.596, 
0.828) 

0.833 
(0.782, 
0.884) 

0.833 
(0.782, 
0.884) 

0.904 
(0.860, 
0.949) 

0.598 
(0.518, 
0.678) 

0.661 
(0.587, 
0.736) 

0.779 
(0.706, 
0.852) 

0.893 
(0.834, 
0.952) 

MASH vs. MASL Gastroenterology- 
Hepatology 
Department 

0.571 
(0.453, 
0.690) 

0.557 
(0.439, 
0.675) 

0.460 
(0.350, 
0.571) 

0.540 
(0.429, 
0.650) 

0.609 
(0.478, 
0.740) 

0.626 
(0.504, 
0.747) 

0.666 
(0.566, 
0.765) 

0.666 
(0.566, 
0.765) 

0.788 
(0.673, 
0.903) 

0.670 
(0.565, 
0.774) 

0.669 
(0.560, 
0.778) 

0.598 
(0.483, 
0.713) 

0.711 
(0.577, 
0.846) 

Bariatric-Metabolic 
Surgery Department 

0.625 
(0.549, 
0.701) 

0.515 
(0.436, 
0.593) 

0.356 
(0.283, 
0.430) 

0.644 
(0.570, 
0.717) 

0.657 
(0.571, 
0.743) 

0.622 
(0.538, 
0.706) 

0.607 
(0.531, 
0.682) 

0.607 
(0.531, 
0.682) 

0.735 
(0.656, 
0.813) 

0.505 
(0.428, 
0.583) 

0.639 
(0.567, 
0.712) 

0.494 
(0.417, 
0.570) 

0.715 
(0.625, 
0.806) 

Fibrosis stage 2–4 
vs. stage 0–1 

Gastroenterology- 
Hepatology 
Department 

0.626 
(0.506, 
0.746) 

0.553 
(0.427, 
0.678) 

0.371 
(0.255, 
0.486) 

0.629 
(0.514, 
0.745) 

0.671 
(0.527, 
0.814) 

0.714 
(0.599, 
0.829) 

0.701 
(0.603, 
0.798) 

0.701 
(0.603, 
0.798) 

0.851 
(0.768, 
0.935) 

0.666 
(0.558, 
0.775) 

0.740 
(0.643, 
0.837) 

0.705 
(0.580, 
0.830) 

0.860 
(0.753, 
0.967) 

Bariatric-Metabolic 
Surgery Department 

0.649 
(0.586, 
0.712) 

0.607 
(0.542, 
0.673) 

0.397 
(0.328, 
0.466) 

0.603 
(0.534, 
0.672) 

0.550 
(0.470, 
0.630) 

0.552 
(0.474, 
0.630) 

0.656 
(0.594, 
0.719) 

0.656 
(0.594, 
0.719) 

0.664 
(0.588, 
0.739) 

0.584 
(0.516, 
0.652) 

0.646 
(0.581, 
0.712) 

0.639 
(0.574, 
0.704) 

0.636 
(0.548, 
0.724) 

Fibrosis stage 3–4 
vs. stage 0–2 

Gastroenterology- 
Hepatology 
Department 

0.528 
(0.426, 
0.630) 

0.548 
(0.448, 
0.647) 

0.508 
(0.409, 
0.607) 

0.492 
(0.393, 
0.591) 

0.571 
(0.458, 
0.684) 

0.586 
(0.479, 
0.692) 

0.598 
(0.503, 
0.693) 

0.598 
(0.503, 
0.693) 

0.696 
(0.590, 
0.802) 

0.720 
(0.633, 
0.807) 

0.721 
(0.635, 
0.806) 

0.690 
(0.596, 
0.784) 

0.674 
(0.559, 
0.788) 

Bariatric-Metabolic 
Surgery Department 

0.662 
(0.552, 
0.773) 

0.646 
(0.510, 
0.783) 

0.456 
(0.298, 
0.613) 

0.544 
(0.387, 
0.702) 

0.659 
(0.522, 
0.795) 

0.596 
(0.470, 
0.722) 

0.719 
(0.614, 
0.824) 

0.719 
(0.614, 
0.824) 

0.690 
(0.535, 
0.845) 

0.769 
(0.661, 
0.878) 

0.793 
(0.703, 
0.882) 

0.773 
(0.646, 
0.900) 

0.760 
(0.641, 
0.880) 

Hepatocellular 
ballooning, yes/ 
no 

Gastroenterology- 
Hepatology 
Department 

0.630 
(0.525, 
0.736) 

0.669 
(0.563, 
0.775) 

0.508 
(0.401, 
0.615) 

0.492 
(0.385, 
0.599) 

0.698 
(0.583, 
0.812) 

0.728 
(0.621, 
0.835) 

0.668 
(0.573, 
0.764) 

0.668 
(0.573, 
0.764) 

0.861 
(0.778, 
0.944) 

0.682 
(0.580, 
0.784) 

0.648 
(0.545, 
0.751) 

0.695 
(0.586, 
0.803) 

0.829 
(0.721, 
0.937) 

Bariatric-Metabolic 
Surgery Department 

0.870 
(0.805, 
0.936) 

0.786 
(0.704, 
0.869) 

0.213 
(0.157, 
0.268) 

0.787 
(0.732, 
0.843) 

0.689 
(0.511, 
0.867) 

0.739 
(0.603, 
0.875) 

0.827 
(0.771, 
0.882) 

0.827 
(0.771, 
0.882) 

0.866 
(0.804, 
0.928) 

0.599 
(0.515, 
0.682) 

0.634 
(0.555, 
0.714) 

0.790 
(0.718, 
0.861) 

0.894 
(0.826, 
0.961) 

Lobular 
inflammation, 
yes/no 

Gastroenterology- 
Hepatology 
Department 

0.626 
(0.510, 
0.742) 

0.639 
(0.516, 
0.762) 

0.461 
(0.345, 
0.577) 

0.539 
(0.423, 
0.655) 

0.664 
(0.526, 
0.801) 

0.712 
(0.583, 
0.841) 

0.699 
(0.586, 
0.813) 

0.699 
(0.586, 
0.813) 

0.872 
(0.792, 
0.952) 

0.620 
(0.494, 
0.747) 

0.609 
(0.477, 
0.741) 

0.664 
(0.540, 
0.787) 

0.808 
(0.673, 
0.944) 

Bariatric-Metabolic 
Surgery Department 

0.879 
(0.816, 
0.943) 

0.812 
(0.728, 
0.895) 

0.217 
(0.159, 
0.276) 

0.783 
(0.724, 
0.841) 

0.691 
(0.581, 
0.801) 

0.579 
(0.342, 
0.817) 

0.781 
(0.712, 
0.851) 

0.781 
(0.712, 
0.851) 

0.863 
(0.801, 
0.924) 

0.587 
(0.501, 
0.674) 

0.566 
(0.483, 
0.650) 

0.822 
(0.750, 
0.895) 

0.873 
(0.755, 
0.992) 

Abbreviations: Aspartate aminotransferase to platelet ratio index (APRI); Hepatic Steatosis Index (HSI); False negative (FN); False Positive (FP); Fatty Liver Index (FLI); Fibrosis-4 (FIB-4); Index of Non-alcoholic 
steatohepatitis (ION); Lipid Accumulation Product (LAP); Liver Fat Score (LFS); Metabolic-dysfunction associated liver disease (MASLD); Metabolic-dysfunction associated steatohepatitis (MASH); Non-alcoholic fatty 
liver disease Fibrosis Score (NFS); Negative Predictive Value (NPV); Positive Predictive Value; (PPV); Original Triglycerides-Glucose index (TyGO); Triglycerides-Glucose index (TyG). 
Bold indicates the index that reached the highest AUC per outcome. 
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Table 4 
Sensitivity analyses excluding all patients with the diagnosis of type 2 diabetes mellitus and morbid obesity (BMI > 40 cm/kg2).  

Outcome to 
discriminate 

Sensitivity 
Analyses 

HSI α-HSI AST/ALT ALT/AST FLI LAP TyGO TyG ION FIB-4 APRI NFS LFS 

MASLD vs. Controls Type 2 
diabetes 
excluded 

0.788 
(0.721, 
0.856) 

0.708 
(0.628, 
0.789) 

0.279 
(0.211, 
0.347) 

0.721 
(0.653, 
0.789) 

0.722 
(0.621, 
0.822) 

0.749 
(0.661, 
0.836) 

0.777 
(0.720, 
0.834) 

0.777 
(0.720, 
0.834) 

0.881 
(0.833, 
0.929) 

0.614 
(0.540, 
0.688) 

0.664 
(0.594, 
0.734) 

0.705 
(0.628, 
0.783) 

0.854 
(0.785, 
0.923) 

Morbid 
obesity 
excluded 

0.854 
(0.796, 
0.911) 

0.755 
(0.662, 
0.848) 

0.277 
(0.207, 
0.346) 

0.723 
(0.654, 
0.793) 

0.701 
(0.565, 
0.837) 

0.744 
(0.616, 
0.873) 

0.824 
(0.767, 
0.881) 

0.824 
(0.767, 
0.881) 

0.920 
(0.868, 
0.971) 

0.770 
(0.703, 
0.837) 

0.758 
(0.689, 
0.826) 

0.824 
(0.763, 
0.885) 

0.861 
(0.750, 
0.971) 

MASH vs. MASL Type 2 
diabetes 
excluded 

0.551 
(0.464, 
0.638) 

0.501 
(0.413, 
0.589) 

0.423 
(0.336, 
0.509) 

0.577 
(0.491, 
0.664) 

0.599 
(0.499, 
0.699) 

0.583 
(0.483, 
0.682) 

0.594 
(0.510, 
0.678) 

0.594 
(0.510, 
0.678) 

0.748 
(0.659, 
0.836) 

0.594 
(0.509, 
0.680) 

0.626 
(0.543, 
0.709) 

0.526 
(0.437, 
0.614) 

0.744 
(0.637, 
0.850) 

Morbid 
obesity 
excluded 

0.629 
(0.546, 
0.713) 

0.513 
(0.421, 
0.605) 

0.379 
(0.295, 
0.464) 

0.621 
(0.536, 
0.705) 

0.658 
(0.570, 
0.747) 

0.650 
(0.559, 
0.740) 

0.667 
(0.589, 
0.746) 

0.667 
(0.589, 
0.746) 

0.774 
(0.683, 
0.866) 

0.599 
(0.515, 
0.684) 

0.681 
(0.597, 
0.764) 

0.517 
(0.429, 
0.606) 

0.723 
(0.619, 
0.827) 

Fibrosis stage 2–4 
vs. stage 0–1 

Type 2 
diabetes 
excluded 

0.577 
(0.506, 
0.648) 

0.520 
(0.447, 
0.593) 

0.375 
(0.301, 
0.448) 

0.625 
(0.552, 
0.699) 

0.445 
(0.356, 
0.535) 

0.493 
(0.405, 
0.581) 

0.623 
(0.553, 
0.693) 

0.623 
(0.553, 
0.693) 

0.713 
(0.638, 
0.788) 

0.654 
(0.581, 
0.727) 

0.740 
(0.675, 
0.805) 

0.595 
(0.523, 
0.668) 

0.683 
(0.591, 
0.776) 

Morbid 
obesity 
excluded 

0.677 
(0.607, 
0.746) 

0.570 
(0.494, 
0.647) 

0.331 
(0.262, 
0.401) 

0.669 
(0.599, 
0.738) 

0.546 
(0.455, 
0.637) 

0.567 
(0.478, 
0.657) 

0.730 
(0.666, 
0.793) 

0.730 
(0.666, 
0.793) 

0.769 
(0.694, 
0.843) 

0.751 
(0.688, 
0.813) 

0.802 
(0.746, 
0.857) 

0.734 
(0.668, 
0.800) 

0.709 
(0.610, 
0.808) 

Fibrosis stage 3–4 
vs. stage 0–2 

Type 2 
diabetes 
excluded 

0.348 
(0.262, 
0.433) 

0.325 
(0.228, 
0.422) 

0.399 
(0.284, 
0.514) 

0.601 
(0.486, 
0.716) 

0.304 
(0.193, 
0.416) 

0.334 
(0.229, 
0.440) 

0.559 
(0.452, 
0.666) 

0.559 
(0.452, 
0.666) 

0.722 
(0.645, 
0.799) 

0.845 
(0.753, 
0.937) 

0.909 
(0.858, 
0.960) 

0.578 
(0.457, 
0.699) 

0.703 
(0.608, 
0.798) 

Morbid 
obesity 
excluded 

0.524 
(0.449, 
0.600) 

0.499 
(0.421, 
0.577) 

0.444 
(0.362, 
0.527) 

0.556 
(0.473, 
0.638) 

0.499 
(0.402, 
0.596) 

0.483 
(0.397, 
0.569) 

0.652 
(0.579, 
0.726) 

0.652 
(0.579, 
0.726) 

0.708 
(0.631, 
0.784) 

0.837 
(0.780, 
0.895) 

0.863 
(0.815, 
0.911) 

0.735 
(0.662, 
0.809) 

0.667 
(0.578, 
0.756) 

Hepatocellular 
ballooning, yes/ 
no 

Type 2 
diabetes 
excluded 

0.826 
(0.766, 
0.885) 

0.791 
(0.722, 
0.860) 

0.360 
(0.287, 
0.433) 

0.640 
(0.567, 
0.713) 

0.791 
(0.694, 
0.888) 

0.811 
(0.732, 
0.890) 

0.733 
(0.669, 
0.797) 

0.733 
(0.669, 
0.797) 

0.835 
(0.776, 
0.895) 

0.581 
(0.506, 
0.656) 

0.567 
(0.492, 
0.642) 

0.745 
(0.673, 
0.817) 

0.821 
(0.743, 
0.898) 

Morbid 
obesity 
excluded 

0.845 
(0.790, 
0.900) 

0.804 
(0.735, 
0.874) 

0.360 
(0.286, 
0.435) 

0.640 
(0.565, 
0.714) 

0.758 
(0.666, 
0.850) 

0.755 
(0.659, 
0.850) 

0.753 
(0.688, 
0.819) 

0.753 
(0.688, 
0.819) 

0.859 
(0.797, 
0.921) 

0.692 
(0.619, 
0.765) 

0.655 
(0.581, 
0.728) 

0.775 
(0.706, 
0.844) 

0.786 
(0.684, 
0.889) 

Lobular 
inflammation, 
yes/no 

Type 2 
diabetes 
excluded 

0.817 
(0.750, 
0.885) 

0.788 
(0.713, 
0.863) 

0.343 
(0.269, 
0.417) 

0.657 
(0.583, 
0.731) 

0.762 
(0.647, 
0.876) 

0.766 
(0.651, 
0.881) 

0.733 
(0.666, 
0.800) 

0.733 
(0.666, 
0.800) 

0.825 
(0.762, 
0.887) 

0.581 
(0.502, 
0.660) 

0.562 
(0.485, 
0.639) 

0.756 
(0.681, 
0.831) 

0.848 
(0.758, 
0.937) 

Morbid 
obesity 
excluded 

0.862 
(0.805, 
0.919) 

0.826 
(0.752, 
0.900) 

0.342 
(0.270, 
0.415) 

0.658 
(0.585, 
0.730) 

0.668 
(0.536, 
0.799) 

0.683 
(0.548, 
0.819) 

0.758 
(0.686, 
0.830) 

0.758 
(0.686, 
0.830) 

0.885 
(0.827, 
0.942) 

0.680 
(0.600, 
0.760) 

0.662 
(0.580, 
0.743) 

0.776 
(0.704, 
0.848) 

0.776 
(0.642, 
0.910) 

Abbreviations: Alanine transaminase (AST), Aspartate aminotransferase (AST), Aspartate aminotransferase to platelet ratio index (APRI); Body mass index (BMI), Hepatic Steatosis Index (HSI); False negative (FN); False 
Positive (FP); Fatty Liver Index (FLI); Fibrosis-4 (FIB-4); Index of Non-alcoholic steatohepatitis (ION); Lipid Accumulation Product (LAP); Liver Fat Score (LFS); Metabolic-dysfunction associated liver disease (MASLD); 
Metabolic-dysfunction associated steatohepatitis (MASH); Non-alcoholic fatty liver disease Fibrosis Score (NFS); Negative Predictive Value (NPV); Positive Predictive Value; (PPV); Original Triglycerides-Glucose index 
(TyGO); Triglycerides-Glucose index (TyG); Type 2 diabetes mellitus (T2DM). 
Bold indicates the index that reached the highest AUC per outcome. 
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Regarding the differentiation of MASH among MASLD patients, all 
the standard cut-off points presented accuracy scores of <0.76. To 
provide a hierarchical approach, we show that ION with a cut-off point 
of 26, followed by LFS with a cut-off point of − 0.64, presented the 
highest level of accuracy (0.75 and 0.71, respectively). Thus, a partici
pant could be ruled out for MASH with a sensitivity of 0.93 and a PPV of 
74 % with ION, while with LFS with a sensitivity of 0.97 and a PPV of 71 
%. 

Moving on to the fibrosis classification, differentiation from severe 
fibrosis or mild/moderate fibrosis was examined, and the results are 
summarized in Table 6. We observed that APRI, followed by FIB-4 had 
the highest accuracies (0.82), with specificities >0.90 at cut-off points of 
0.5 for APRI and 2.670 for FIB-4 (NPV > 80 %). However, their sensi
tivities were < 0.55. On the other hand, to differentiate moderate/severe 
fibrosis (F2–4), LFS presented the highest accuracy (0.69) at the cut-off 
point of 1.257, with a sensitivity of 0.75 and a specificity of 0.53. 
Regarding the analyses performed for the first time, examining FLI and 
LAP against fibrosis classification, their standard cut-off points pre
sented accuracies between 0.70 and 0.75 for the comparison F3–4 vs. 
F0–2, with specificities >0.90 yet very low sensitivity. 

The standard cut-off points of the examined NITs were examined 
against the presence vs. absence of histological characteristics of 
MASLD, i.e., hepatocellular ballooning and lobular inflammation. Re
sults are presented in Table 7. Steatosis indexes, i.e., HSI, LAP, and FLI 
were examined for the first time in relation to these liver features. The 
same was for the FIB-4. FLI showed the highest accuracy of 0.88, yet this 
was mostly attributed to a very high sensitivity with very low specificity, 
implying its potential use in terms of ruling out patients. FLI was 

followed by LFS and LAP with accuracies >0.85. Contrarily, FIB-4 did 
not seem to work well against these liver features, with the standard cut- 
off points reaching accuracies of <0.45. 

Estimation of cut-off points for the indexes that do not have a stan
dardized clinically used cut-off point, i.e., AST/ALT, ASL/AST, as well as 
exploring cut-off points for all the NITs by maximizing their specificity 
or sensitivity, were performed, and results are summarized in Supple
mentary Tables 2 and 3. In particular, we proposed for the first time, 
one rule in and one rule out cut-off point (i.e., maximizing specificity 
and sensitivity, respectively, at 0.70) for α-HSI, AST/ALT, and ALT/AST; 
however, these did not seem to be sensitive nor specific enough for 
MASLD screening or for differentiating specific disease stages and his
tological characteristics. A similar analysis was performed for the rest 
NITs, with the best constricted combination seen in the case of ION for 
MASLD vs. Controls differentiation, with a rule out cut-off point of 
19.540 (Sensitivity = 0.894; Specificity = 0.709); while LFS had the best 
constricted combination for MASLD vs. Controls with a rule in cut-off 
point of 1.210 (Sensitivity = 0.709; Specificity = 0.958). For the sug
gested α-HSI, the best-constricted combinations were seen for differen
tiation for ballooning and inflammation; rule out cut-off point: 43.950 
(Sensitivity = 0.735; Specificity = 0.712) and rule in cut-off point: 
44.740 (Sensitivity = 0.703; Specificity = 0.726). 

4. Discussion 

In the context of a multi-center analysis using liver biopsies as the 
diagnostic gold standard, we validated available and new NITs in terms 
of their ability to define the presence of MASLD, MASH, and histological 

Table 5 
Performance of NITs to differentiate the presence vs. absence of MASLD or the stage of MASLD (MASH or NAFL) within the NAFLD patients.    

Sensitivity Specificity PPV,% NPV,% Accuracy  Sensitivity Specificity PPV,% NPV,% Accuracy 

NITs Outcome to differentiate: 
MASLD vs. controls 
N = 455|Cases = 374 

NITs Outcome to differentiate: 
MASH vs. MASL 
N = 374|Cases = 237 

Steatosis-related 
NITs 

HSI HSI 
<30  1.00  0.05  83  100  0.83 <30  1.00  0.00  64  0  0.64 
≥36  0.96  0.44  89  70  0.86 ≥36  0.96  0.05  64  43  0.63 
FLI FLI 
<30  0.99  0.10  91  50  0.90 <30  0.99  0.02  67  67  0.67 
≥60  0.96  0.23  92  37  0.88 ≥60  0.97  0.07  68  50  0.67 
LAP LAP 
≥38.050  0.92  0.30  92  30  0.86 ≥38.050  0.96  0.15  69  65  0.69 
≥33.400  0.94  0.21  91  29  0.87 ≥33.400  0.96  0.10  68  59  0.68 
LFS LFS 
<− 0.640  0.92  0.46  94  39  0.88 <− 0.640  0.97  0.18  71  76  0.71 
<− 1.413  0.96  0.29  93  44  0.89 <− 1.413  0.98  0.08  69  67  0.69 
≥1.257  0.70  0.96  99  25  0.72 ≥1.257  0.79  0.51  77  54  0.70 

Fibrosis-related 
NITs 

FIB-4 FIB-4 
<1.300  0.31  0.92  95  23  0.42 <1.300  0.35  0.75  70  41  0.50 
≥2.670  0.07  0.97  92  19  0.23 ≥2.670  0.09  0.98  86  39  0.42 
APRI APRI 
<0.5  0.22  0.95  95  21  0.35 <0.5  0.28  0.88  79  42  0.50 
≥1.0  0.05  0.97  89  18  0.21 ≥1.0  0.05  0.96  69  38  0.39 
NFS NFS 
<− 1.453  0.80  0.64  91  42  0.77 <− 1.453  0.80  0.19  64  35  0.58 
≥0.675  0.17  0.93  92  20  0.31 ≥0.675  0.20  0.87  74  38  0.44 

Other MASLD-related 
NITs 

TyGO TyGO 
≥8.500  0.98  0.05  83  36  0.81 ≥8.500  0.99  0.04  63  71  0.63 
TyG TyG 
≥4.680  0.70  0.86  96  38  0.73 ≥4.680  0.76  0.42  69  51  0.63 
ION ION 
≥26  0.82  0.76  94  47  0.81 ≥26  0.93  0.40  74  77  0.75 
≥50  0.45  0.98  99  28  0.55 ≥50  0.59  0.79  84  51  0.66 

Higher values in indexes indicate positive cases. Sensitivity (Recall) = TP/(TP + FN); Specificity = TN/(TN + FP); PPV (precision) = TP/(TP + FP); NPV = TN/(TN +
FN). 
Abbreviations: Aspartate aminotransferase to platelet ratio index (APRI); Hepatic Steatosis Index (HSI); False negative (FN); False Positive (FP); Fatty Liver Index 
(FLI); Fibrosis-4 (FIB-4); Index of Non-alcoholic steatohepatitis (ION); Lipid Accumulation Product (LAP); Liver Fat Score (LFS); Metabolic-dysfunction associated liver 
disease (MASLD); Metabolic-dysfunction associated steatohepatitis (MASH); Non-alcoholic fatty liver disease Fibrosis Score (NFS); Negative Predictive Value (NPV); 
Positive Predictive Value; (PPV); Original Triglycerides-Glucose index (TyGO); Triglycerides-Glucose index (TyG); True negative (TN); True positive (TP). 
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characteristics of MASH as well as fibrosis stages. Currently, identifying 
MASH and fibrosis F ≥ 2 through non-invasive methods remains an 
unmet clinical need, especially for treatment initiation and patient in
clusion in clinical trials [24]. Here, we observed that the available NITs 
are inadequate to correctly classify participants that had been diagnosed 
with liver fibrosis F ≥ 2 through liver biopsy. However, APRI seemed to 
have the best differentiation ability (AUC = 0.845), even after excluding 
patients with morbid obesity (AUC = 0.863), and T2DM (AUC = 0.909). 
The recommended by guidelines FIB-4 seemed to differentiate severe 
fibrosis (i.e., F3–4 vs. F0–2) with an AUC = 0.820, yet this was lower 
when used to classify patients with fibrosis F ≥ 2. Interestingly, among 
the examined NITs, ION presented the higher differentiation ability for 
the presence vs. absence of MASLD (AUC = 0.894) as well as MASH vs. 
MASL (AUC = 0.747), and histological characteristics of MASH (hepa
tocellular ballooning and lobular inflammation) with AUCs = 0.839 and 
0.856, respectively. Finally, suggesting two cut-off points to rule in and 
rule out patients seemed to work for the indexes that presented the 
highest overall performance (AUC > 0.800); yet still, the accuracies of 
the suggested cut-off points compared with the standard ones were not 
improved in a meaningful way. 

Most patients with MASLD are seen in primary care or endocrine 
clinics. Initial screening of the general population for the presence of 
MASLD is rather important to prevent disease progression [25]. Addi
tionally, the detection of MASH is crucial since this condition can 
progress to cirrhosis and severe liver and systemic complications [26]. In 
our study, ION had the best ability to discriminate MASLD and MASH, as 
well as the presence of hepatocellular ballooning and lobular 

inflammation, highlighting its performance not only as a screening test 
for MASLD, but also for identifying MASH histological characteristics. 
Of note, all the AUC for differentiating MASH patients from the ones 
with NAFL, were <0.80. Although ION was not initially proposed as a 
screening test, it was proposed as a tool to distinguish MASH within the 
MASLD population with a cut-off of 50 (92 % specificity, 60 % sensi
tivity, AUC = 0.880) [27]. However, it could be a not useful tool for 
MASH diagnosis in subjects without obesity (AUC = 0.687), and its 
predictive properties did not improve even when combined with fibrosis 
markers [28]. Furthermore, the potential of other indices to distinguish 
the presence of MASH from simple steatosis has been previously 
examined with less successful results, such as FLI [27] and AST/ALT 
[29], as replicated in our analysis. 

Hepatic fibrosis is also a crucial determinant of liver and non-liver 
outcomes in patients with MASLD. Therefore, identifying patients with 
clinically significant hepatic fibrosis (F ≥ 2) is important for targeted 
efforts at preventing disease progression. A recent study found that 
screening for MASLD followed by intensive lifestyle interventions or 
pioglitazone was cost-effective in patients with T2DM diagnosed with 
fibrosis F ≥ 2 [30,31]. Most Phase III clinical trials in MASH also target 
patients with fibrosis F ≥ 2 with the potential to be translated to treat
ment options. Thus, this makes subjects with F ≥ 2 an important group 
to identify [31,32]. In our study, APRI was the best NIT in identifying F 
≥ 2 (AUC = 0.845); however, for identifying F ≥ 1, none of the evalu
ated NITs reached an AUC > 0.80. In accordance with our results, APRI 
has shown an ability to detect F3–4 from mild fibrosis stages (AUC =
0.923) and seems to be an appropriate substitute for FibroScan for 

Table 6 
Performance of NITs to differentiate liver fibrosis stages.    

Sensitivity Specificity PPV, 
% 

NPV, 
% 

Accuracy  Sensitivity Specificity PPV, 
% 

NPV, 
% 

Accuracy 

NITs Outcome to differentiate: 
Fibrosis F3–4 vs. F0–2 
N = 455 | Cases = 109 

NITs Outcome to differentiate: 
Fibrosis F2–4 vs. F0–1 
N = 455 | Cases = 243 

Steatosis-related 
NITs 

HSI HSI 
<30  0.00  0.99  0  77  0.77 <30  1.00  0.02  52  100  0.53 
≥36  0.10  0.88  19  77  0.70 ≥36  0.94  0.18  55  74  0.57 
FLI FLI 
<30  0.01  0.98  17  75  0.74 <30  0.01  0.97  33  44  0.43 
≥60  0.08  0.94  32  76  0.73 ≥60  0.06  0.93  53  44  0.44 
LAP LAP 
≥38.050  0.12  0.91  30  75  0.70 ≥38.050  0.92  0.13  58  55  0.58 
≥33.400  0.08  0.93  29  74  0.71 ≥33.400  0.94  0.09  58  54  0.58 
LFS LFS 
<− 0.640  0.97  0.14  27  93  0.35 <− 0.640  0.96  0.21  62  79  0.64 
<− 1.413  0.98  0.08  26  94  0.31 <− 1.413  0.97  0.11  60  75  0.61 
≥1.257  0.84  0.44  33  89  0.54 ≥1.257  0.75  0.53  69  62  0.66 

Fibrosis-related 
NITs 

FIB-4 FIB-4 
<1.300  0.64  0.83  52  89  0.79 <1.300  0.41  0.88  77  58  0.64 
≥2.670  0.22  0.99  83  82  0.82 ≥2.670  0.10  0.99  92  51  0.54 
APRI APRI 
<0.5  0.53  0.91  61  87  0.82 <0.5  0.32  0.95  88  56  0.62 
≥1.0  0.16  0.99  83  81  0.81 ≥1.0  0.07  0.99  89  50  0.51 
NFS NFS 
<− 1.453  0.86  0.32  25  89  0.43 <− 1.453  0.82  0.38  58  66  0.60 
≥0.675  0.29  0.88  40  82  0.76 ≥0.675  0.19  0.89  65  51  0.53 

Other MASLD-related 
NITs 

TyGO TyGO 
≥8.500  0.99  0.03  23  91  0.25 ≥8.500  0.98  0.03  53  64  0.53 
TyG TyG 
≥4.680  0.78  0.45  30  87  0.53 ≥4.680  0.71  0.53  63  62  0.63 
ION ION 
≥26  0.94  0.35  28  96  0.47 ≥26  0.84  0.42  60  72  0.64 
≥50  0.50  0.66  28  83  0.62 ≥50  0.51  0.76  68  60  0.63 

Higher values in indexes indicate positive cases. Sensitivity (Recall) = TP/(TP + FN); Specificity = TN/(TN + FP); PPV (precision) = TP/(TP + FP); NPV = TN/(TN +
FN). 
Abbreviations: Aspartate aminotransferase to platelet ratio index (APRI); Hepatic Steatosis Index (HSI); False negative (FN); False Positive (FP); Fatty Liver Index 
(FLI); Fibrosis-4 (FIB-4); Index of Non-alcoholic steatohepatitis (ION); Lipid Accumulation Product (LAP); Liver Fat Score (LFS); Metabolic-dysfunction associated liver 
disease (MASLD); Non-alcoholic fatty liver disease Fibrosis Score (NFS); Negative Predictive Value (NPV); Positive Predictive Value; (PPV); Original Triglycerides- 
Glucose index (TyGO); Triglycerides-Glucose index (TyG); True negative (TN); True positive (TP). 
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Table 7 
Performance of NITs to differentiate the presence vs. absence of histological characteristics of NASH.    

Sensitivity Specificity PPV,% NPV,% Accuracy  Sensitivity Specificity PPV,% NPV,% Accuracy 

NITs Outcome to differentiate: Hepatocellular ballooning, 
Yes vs. no 
N = 455 | Cases = 352 

NITs Outcome to differentiate: Lobular inflammation, 
Yes vs. no 
N = 455 | Cases = 373 

Steatosis-related 
NITs 

HSI HSI 
<30  1.00  0.04  78  100  0.79 <30  1.00  0.05  83  100  0.83 
≥36  0.97  0.41  85  81  0.85 ≥36  0.96  0.47  89  72  0.87 
FLI FLI 
<30  0.99  0.10  88  67  0.88 <30  0.99  0.11  92  50  0.91 
≥60  0.96  0.23  90  47  0.87 ≥60  0.95  0.22  93  32  0.89 
LAP LAP 
≥38.050  0.94  0.34  90  45  0.86 ≥38.050  0.93  0.38  94  33  0.88 
≥33.400  0.95  0.25  89  46  0.86 ≥33.400  0.94  0.24  93  29  0.88 
LFS LFS 
<− 0.640  0.93  0.44  92  50  0.87 <− 0.640  0.92  0.50  95  36  0.89 
<− 1.413  0.96  0.22  89  44  0.86 <− 1.413  0.96  0.30  94  38  0.90 
≥1.257  0.70  0.84  97  30  0.72 ≥1.257  0.67  0.85  98  19  0.69 

Fibrosis-related 
NITs 

FIB-4 FIB-4 
<1.300 0.29 0.82 85 25 0.41 <1.300 0.30 0.85 90 21 0.39 
≥2.670 0.07 0.97 88 23 0.27 ≥2.670 0.06 0.96 88 18 0.22 
APRI APRI 
<0.5  0.21  0.89  86  25  0.37 <0.5  0.20  0.86  86  19  0.32 
≥1.0  0.04  0.95  72  23  0.25 ≥1.0  0.04  0.95  78  18  0.20 
NFS NFS 
<− 1.453  0.81  0.60  88  47  0.76 <− 1.453  0.80  0.65  91  41  0.77 
≥0.675  0.18  0.94  92  25  0.35 ≥0.675  0.18  0.96  95  20  0.32 

Other MASLD-related 
NITs 

TyGO TyGO 
≥8.500  0.98  0.04  78  36  0.77 ≥8.500  0.98  0.05  82  36  0.81 
TyG TyG 
≥4.680  0.70  0.74  90  42  0.71 ≥4.680  0.68  0.78  93  36  0.70 
ION ION 
≥26  0.82  0.69  91  49  0.79 ≥26  0.81  0.75  94  45  0.80 
≥50  0.46  0.94  97  31  0.56 ≥50  0.45  0.96  98  26  0.54 

Higher values in indexes indicate positive cases. Sensitivity (Recall) = TP/(TP + FN); Specificity = TN/(TN + FP); PPV (precision) = TP/(TP + FP); NPV = TN/(TN +
FN). 
Abbreviations: Aspartate aminotransferase to platelet ratio index (APRI); Hepatic Steatosis Index (HSI); False negative (FN); False Positive (FP); Fatty Liver Index 
(FLI); Fibrosis-4 (FIB-4); Index of Non-alcoholic steatohepatitis (ION); Lipid Accumulation Product (LAP); Liver Fat Score (LFS); Metabolic-dysfunction associated liver 
disease (MASLD); Non-alcoholic fatty liver disease Fibrosis Score (NFS); Non-invasive tool (NIT); Negative Predictive Value (NPV); Positive Predictive Value; (PPV); 
Original Triglycerides-Glucose index (TyGO); Triglycerides-Glucose index (TyG); True negative (TN); True positive (TP). 

Fig. 2. Precision-recall curve of 13 non-invasive tools 
for patients' classification according to liver fibrosis 
grade i.e. fibrosis F2–4 vs. F0–1. 
Abbreviations: Aspartate aminotransferase to 
platelet ratio index (APRI); Hepatic Steatosis Index 
(HSI); Fatty Liver Index (FLI); Fibrosis-4 (FIB-4); 
Index of Non-alcoholic steatohepatitis (ION); Lipid 
Accumulation Product (LAP); Liver Fat Score (LFS); 
Non-alcoholic fatty liver disease Fibrosis Score (NFS); 
Original Triglycerides-Glucose index (TyGO); 
Triglycerides-Glucose index (TyG).   
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severe fibrosis detection over FIB-4 ability [33]. Similarly, among the 
other liver fibrosis-related indexes, the diagnostic performance of the 
-guidelines recommended- FIB-4 index [25] was close to APRI's ability 
for differentiating severe vs. mild/moderate fibrosis [33] (precision- 
recall curve is provided for all NITs against fibrosis F ≥ 2 in Fig. 2), yet 
this was not the case in terms of differentiating against fibrosis F ≥ 2. 

Our results are in line with other studies that have reported consid
erable percentages of false-negative results oriented by FIB-4 standard 
cut-off points [34,35], potentially leading to underdiagnosis [36,37]. In 
contrast to our results, other analyses have shown that FIB-4 is superior 
to APRI as a predictor of advanced fibrosis with a validated AUC of 0.802 
[38]. Moreover, a cross-sectional study reported that NFS was able to 
detect any significant fibrosis stage, as well as advanced fibrosis, with 
AUC of 0.700, and 0.761, respectively, over APRI and FIB-4 [39,40]; yet 
this was not confirmed herein. Considering that the samples from the 
present work belong to a high-risk population seen in secondary care 
clinics underlines the low specificity of available liver fibrosis NITs to 
identify the fibrosis stage, which remains an unmet need [24]. 

Furthermore, we observed improvement in the diagnostic ability of 
LFS to differentiate fibrosis when evaluating only patients from the 
Gastroenterology-Hepatology Departments (i.e., MASLD patients with 
chronically altered liver function tests). On the other hand, LFS diag
nostic performance also improved in terms of the evaluation of hepa
tocellular ballooning and lobular inflammation when including only 
patients from the Bariatric-Metabolic Surgery Department. Even though 
in our study LFS had not the best diagnostic ability for any evaluation 
within the complete population, it was among the highest ones. LFS has 
not been suggested as an index that can predict the specific stages of the 
disease; [15] however, here we report that it is helpful in correctly 
identifying lobular inflammation/hepatocellular ballooning, which 
comes in line with previous results [18]. LFS was initially developed in a 
study with 470 Finnish individuals with MASLD, where the liver fat 
content of proton magnetic resonance spectroscopy was used as the 
reference method [15]. This study predicted increased liver fat content 
using the cut-off point of − 0.640 with a sensitivity of 0.86 and a spec
ificity of 0.71. 

Finally, we studied non-specific MASLD-related indices initially 
developed to determine the presence of other health conditions, such as 
insulin resistance, as is the case of the TyGO index [41]. The TyGO index 
was first proposed by Simental-Mendía, et al. as an alternative to the 
homeostasis model assessment of insulin resistance (HOMA-IR) index as 
a screening tool for insulin resistance [41]. However, in the following 
manuscripts, the TyGO formula presented a -probably inadvertent- 
modification that has been implemented in some of the manuscripts, 
thus creating differences in their cut-off values and confusion in the 
literature [23,41–44]. Although we calculated and used both formulas, 
similar diagnostic performance was observed in all comparisons. Thus, 
when using this index, it should be first confirmed that the correct for
mula and the respective cut-off values are being considered. 

4.1. Limitations and strengths 

This work has several limitations that need to be reported for a better 
interpretation of the outcomes. First, the samples of the present study 
were primarily collected retrospectively (Study 2 and Study 3); how
ever, both the liver biopsies and serum samples had been collected 
without the investigators being aware of the aim of this study, and thus, 
there was no bias introduced in the analysis. Second, participants were 
recruited from secondary care centers, which may justify the low per
formance of almost all examined NITs that have not been developed to 
be that sensitive or specific for administration in a high-risk population. 
Additionally, this limits the generalization of the findings. However, the 
results herein allow us to report how sensitive or specific NITs can be in 
the context of a specialized hepatology gastroenterology or bariatric 
metabolic surgery clinic. 

The above limitations are compensated by several strengths. This is a 

multi-center study with diverse populations, including patients eligible 
for bariatric surgery as well as patients with clinical evidence that 
implied the presence of MASLD, MASH and/or advanced fibrosis, which 
necessitated the referral of subjects to the Gastroenterology-Hepatology 
Department. A liver biopsy was also performed on participants assigned 
as Controls herein, which is scarce in the relevant literature. Addition
ally, this study is one of only a few that have validated a large set of NITs 
in relation to any liver health-related outcome within the MASLD 
spectrum using the gold standard of liver biopsy and the only study that 
fully validated newer indexes that had not been validated to date. 

4.2. Conclusions 

The increasing prevalence of MASLD, combined with the slow, 
asymptomatic disease progression which underlies its underdiagnosis 
until the disease has advanced significantly may result in significant 
pressures on national healthcare systems. Effective screening and dif
ferentiation of specific disease stages, histological features, and, most 
importantly, fibrosis grading remain an unmet clinical need. Despite the 
promising results we report herein, the overall performance of the 
examined NITs remains suboptimal for clinical implementation. 
Advancing the existing NITs or suggesting new ones to address the 
currently unmet clinical needs is necessary. In this context, the use of 
novel molecules or multi-omics markers should be considered. 
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