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Non-invasive liver fibrosis

markers are increased in obese
individuals with non-alcoholic fatty
liver disease and the metabolic
syndrome

Anders Askeland2, Rikke Wehner Rasmussen?, Mimoza Gjelal3, Jens Brendum Frokjeer?3,
Kurt Hejlund*, Maiken Mellergaard2* & Aase Handberg®2°>*

The need for early non-invasive diagnostic tools for chronic liver fibrosis is growing, particularly in
individuals with obesity, non-alcoholic fatty liver disease (NAFLD), and the metabolic syndrome
(MetS) since prevalence of these conditions is increasing. This case-control study compared non-
invasive liver fibrosis markers in obesity with NAFLD and MetS (NAFLD-MetS, n=33), in obese

(n=28) and lean (n=27) control groups. We used MRI (T1 relaxation times (T1) and liver stiffness),
circulating biomarkers (CK18, PIIINP, and TIMP1), and algorithms (FIB-4 index, Forns score, FNI, and
MACKS3 score) to assess their potential in predicting liver fibrosis risk. We found that T1 (892 + 81 ms
vs. 818 +64 ms, p<0.001), FNI (15+12% vs. 9+7%, p=0.018), CK18 (166 +110 U/L vs. 113 +41 U/L,
p=0.019), and MACK3 (0.18+0.15 vs. 0.05 +0.04, p<0.001) were higher in the NAFLD-MetS group
compared with the obese control group. Moreover, correlations were found between CK18 and FNI
(r=0.69, p<0.001), CK18 and T1 (r=0.41, p<0.001), FNI and T1 (r=0.33, p=0.006), MACK3 and FNI
(r=0.79, p<0.001), and MACK3 and T1 (r=0.50, p<0.001). We show that liver fibrosis markers are
increased in obese individuals with NAFLD and MetS without clinical signs of liver fibrosis. More studies
are needed to validate the use of these non-invasive biomarkers for early identification of liver fibrosis
risk.

Keywords Obesity, Non-alcoholic fatty liver disease, The metabolic syndrome, Obesity phenotype, Non-
invasive biomarkers, Liver fibrosis risk

Non-alcoholic fatty liver disease (NAFLD) affects more than half of all obese individuals, why it is one of the most
common disorders associated with obesity’. The prevalence of obesity is steadily increasing worldwide??, along
with elevated frequency of NAFLD and its pathological progression®. Moreover, the negative health impact of
obesity is linked to various elements of the metabolic syndrome (MetS) including central obesity, hypertension,
dyslipidaemia, and elevated glucose levels®.

NAFLD encompasses several hepatic pathological changes, ranging from simple steatosis (excessive liver
fat) to non-alcoholic steatohepatitis (NASH, characterized by liver cell injury and inflammation), liver fibrosis,
cirrhosis, and ultimately, hepatocellular carcinoma®®”. The progression of NAFLD is a continuum that is
closely linked to the development of liver fibrosis, which is considered the most critical histological predictor of
mortality in NAFLD patients®. Consequently, early identification of obese individuals with liver fibrosis risk is
essential to mitigate its development and improve prognosis’.

At present, liver biopsy is the gold standard for identifying liver fibrosis. However, this is prone to sampling
errors and severe complications such as bleeding and mortality, excluding its use for screening purposes in large
populations'®!!. As such, several non-invasive methods have been explored as promising alternatives. Some
well-established non-invasive methods for advanced liver fibrosis include transient elastography (FibroScan) and
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the fibrosis-4 index (FIB-4 index)!?!. In addition, certain novel techniques are showing promise. For instance,
magnetic resonance imaging (MRI)-based techniques enables evaluation of liver fibrosis by assessment of T1
relaxation time (T1 mapping) and liver stiffness by magnetic resonance elastography (MRE)!*-1¢. Additionally,
circulating biomarkers have been proposed to indirectly measure liver fibrosis. These include tissue inhibitor
of metalloproteinases 1 (TIMP1) that play a key role in the progression of liver fibrosis, procollagen-III peptide
(PIIINP) associates with extracellular matrix (ECM) remodelling during liver fibrogenesis, and cytokeratin-18
(CK18) fragments are released from apoptotic hepatocytes and involved in the promotion of fibrosis!”-2°. Finally,
a variety of algorithms have been developed, such as the Forns score, fibrosis non-alcoholic steatohepatitis index
(FNI), and the MACK3 score that incorporate several aspects of developing fibrosis*!~2%. Most studies have
focused on class III obesity, selected fibrosis markers, or advanced fibrosis and fibrotic NASH?>-30.

Obesity is a complex and heterogeneous condition that presents varying degrees of metabolic comorbidities.
Several studies discuss the concept of “obesity phenotypes” to distinguish between obese individuals who
appear metabolically healthy and those with metabolic comorbidities (metabolically unhealthy)332. As such,
stratification of obese individuals based on metabolic risk (i.e. with/without NAFLD and MetS) has been
proposed to improve clinical management, ultimately to limit obesity and NAFLD progression as well as reducing
or reversing the development of liver fibrosis®2. Previous findings showed that the presence of MetS associated
with high risk of NASH and fibrosis determined by liver biopsy®*. This is particularly interesting, considering
the recent recommendations by Rinella et al. to replace the term NAFLD with metabolic dysfunction-associated
steatotic liver disease (MASLD) that comprehend both NAFLD and MetS parameters. While NAFLD alone is
defined by a spectrum of steatosis and pathophysiology in the liver that is not related to alcohol consumption,
MASLD encompasses both NAFLD and one cardiometabolic risk factor’®. As this study (MULTISITE study)
focuses on NAFLD and MetS, with MetS defined as the presence of three cardiometabolic risk factors (described
in detail in “Methods” section). We have thus, following recent recommendations, included data grouped and
analysed according to this new MASLD terminology to offer comparability. This adds invaluable insight into the
differences between these definitions and potential inherent challenges. However, since the MULTISITE study
was designed and conducted prior to these recommendations, we find it necessary to maintain and primarily
focus on the original grouping characteristics.

To the best of our knowledge, no studies have assessed a broad range of non-invasive fibrosis biomarkers in
obese individuals with NAFLD and MetS (NAFLD-MetS) or MASLD. We hypothesize that obese individuals
with both NAFLD and MetS or MASLD but without clinical signs of progressing liver fibrosis exhibit elevated
levels of non-invasive biomarkers of liver fibrosis. Thus, the objective of this study was to assess a broad range
of liver fibroses markers in obese individuals to determine potential early onset/risk of liver fibrosis. We thus
assessed early liver fibrosis by MRI (T1 mapping and MRE), circulating biomarkers (TIMP1, CK18, and PIIINP),
and risk algorithms (FIB-4 index, FNI, Forns, and MACK3) in obese NAFLD-MetS or MASLD, an obese control
group, and a lean control group.

Results

Study participants

A total of 98 participants who met the inclusion criteria were included in the study. Out of these, 88 individuals
were subject to investigation, including 27 lean control individuals, 28 obese control individuals, and 33
individuals with obesity and NAFLD-MetS (Fig. 1). When grouping according to the MASLD criteria the study
included 27 lean control individuals, 25 obese control individuals, and 36 individuals with obesity and MASLD
(Fig. S1).

Clinical and metabolic characteristics

When comparing clinical features between the groups, the female to male ratio was comparable between the
groups (obese NAFLD-MetS: 18/15; obese control: 22/6; lean control: 18/15; p=0.104, Table 1). Moreover,
levels of liver enzymes were comparable in the lean (ALT: 23.0£12 U/L and AST: 21.5+5.0 U/L) and obese
control groups (ALT: 22.4+10.2 U/L and AST: 22.2£6.1 U/L), while both were elevated in the obese NAFLD-
MetS group (ALT: 33.8+16 U/L, p=0.003 and AST: 25.4+7.3 U/L, p=0.05, Table 1). Homeostatic model for
assessment of insulin resistance (HOMA-IR) differed between all three groups with the highest level in the obese
NAFLD-MetS group (3.4+1.5) and decreased in the control groups (obese: 1.6+0.5; lean: 0.8 £0.4, p<0.001,
Table 1). Ethnicity was similar among the groups (data not shown). Similar clinical distributions were observed
when grouping according to the MASLD criteria (Table S1). Finally, as expected according to the study design,
liver steatosis determined by MRI was significantly higher in the obese NAFLD-MetS group (13%), compared
with control groups: obese (3%) and lean (2%) (Table 1 and Fig. S2a). This was similar when grouping according
to MASLD (Table S1 and Fig. S2b).

Liver fibrosis biomarkers

Several non-invasive biomarkers of liver fibrosis differed between study groups. In terms of MRI, there were
differences in T1 relaxation times (ANOVA <0.001) and MRE measuring liver stiffness (ANOVA =0.033, Table
S2). When analysing circulating biomarkers, we saw differences in CK18 (ANOVA <0.001, Table S2). Finally,
investigating fibrosis algorithms revealed differences in the Forns score (ANOVA =0.001), the FIB-4 index
(ANOVA =0.033), FNI (ANOVA < 0.001), and MACK3 (ANOVA <0.001, Table S2).

Regarding T1 mapping and liver stiffness, the post-hoc analysis showed that T1 relaxation times were
significantly higher in the obese NAFLD-MetS group compared with the obese control group (892 +81 ms vs.
818+ 64 ms, p<0.001) and when compared with the lean control group (892 +81 ms vs. 787 +61 ms, p <0.001;
Fig. 2a). Conversely, the lean control individuals had significantly higher liver stiffness compared with the
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Fig. 1. Flow chart (consort diagram) showing the study population as (1) Lean control group, (2) Obese
control group, and (3) Obese NAFLD-MetS group. The flow chart further shows the number of participants
that were screened and found eligible as participants to be included in final data analysis as well as information
on participants that were excluded.

obese NAFLD-MetS group (2.4+0.4 kPa vs. 2.1+ 0.4 kPa, p=0.029) and when compared with the obese control
individuals (2.4+ 0.4 kPa vs. 2.2+ 0.3 kPa, p =0.040; Fig. 2b).

Examining the relationship between T1 relaxation times, liver stiffness, and liver steatosis revealed strong
correlation of T1 relaxation times with liver steatosis (r=0.71, p<0.001; Fig. 3a) while liver stiffness had a
medium correlation (r = — 0.32, p=0.007; Fig. 3b). This association was strongest in the obese NAFLD-MetS
group, where T1 relaxation time (r=0.77, p<0.001; Fig. 3c) and liver stiffness (r = — 0.38, p=0.047; Fig. 3d)
correlated with liver steatosis. All imaging data were similar when grouping according to the MASLD criteria
(Figs. S3 and S4).

Post-hoc comparison of circulating biomarkers demonstrated that CK18 was 87% higher in the obese
NAFLD-MetS group compared with the lean control group (166+110 U/L vs. 88+25 U/L, p<0.001) and 46%
higher compared with the obese control group (166 + 110 U/L vs. 113+ 41 U/L, p=0.019; Fig. 4a). Furthermore,
CK18 was 28% higher in the obese control group compared with the lean control group (113+41 U/L vs.
88+25U/L, p=0.017; Fig. 4a). On the other hand, no significant differences were observed between either group
when assessing TIMP1 (Fig. 4b) or PIINP (Fig. 4c). The same patterns were observed for all three biomarkers
when grouping according to the MASLD criteria (Fig. S5).

Finally, the post-hoc analysis investigating fibrosis algorithms showed that the FIB-4 index was 26% higher
in the lean control group compared with the obese control group (1.0 £0.4 vs. 0.8 £0.2, p=0.029; Fig. 5a). Next,
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Group
Characteristic Lean control Obese control Obese NAFLD-MetS | P value
General
Age 459 (8.1) 43.8 (7.0) 48.1(7.1) 0.094
BMI (kg/mz)a 22.8(1.6) 35.2(2.9) 36.0 (2.8) <0.001
Platelets (10°/1) 221 (36.8) 268 (53.7) 253 (47.2) 0.002
Female/Male® 15 (55.6)/12 (44.4) | 22 (78.6)/6 (21.4) | 18 (54.5)/15 (45.5) 0.104
Liver enzymes
ALT (U/L)? 23.0 (11.7) 22.4(10.2) 33.8 (16.0) 0.003
AST (U/L)* 21.5 (5.0) 222 (6.1) 254 (7.3) 0.050
Lipids
Triglycerides (mmol/L)* | 0.9 (0.4) 1.1 (0.4) 1.6 (0.7) <0.001
HDL (mmol/L)? 1.5(0.4) 1.3(0.3) 1.2(0.2) <0.001
LDL (mmol/L)? 2.8(0.7) 2.8(0.7) 3.0(0.8) 0.426
Cholesterol (mmol/L)* | 4.7 (0.9) 4.6 (0.8) 4.9 (0.9) 0.440
Metabolism
Glucose (mmol/L)? 5.2(0.3) 5.3(0.4) 5.9 (0.5) <0.001
Insulin (pmol/L)* 38.7 (17.5) 74.0 (22.4) 155.6 (72.6) <0.001
GGT (U/L)* 17.6 (7.3) 25.1 (16.6) 38.9 (24.4) <0.001
HOMA2-IR? 0.8 (0.4) 1.6 (0.5) 3.4 (1.5) <0.001
HbA]C (mmol/mol)* 32.4(2.8) 33.5(3.7) 35.4(3.3) 0.002
Other
Liver steatosis (%)* 2.1(0.8) 3.4(2.5) 12.9 (8.5) <0.001
NAFLD® 0(0) 3(10.7) 33 (100) <0.001
MetS components
Blood pressureb 12 (44.4) 19 (67.9) 33 (100) <0.001
Central obesi'ryIJ 3(11.1) 28 (100) 33 (100) <0.001
Glucose® 2(7.4) 7 (25.0) 26 (78.8) <0.001
HDLb 2(7.4) 10 (35.7) 21 (63.6) <0.001
Triglyceridesb 2(7.4) 3(10.7) 14 (42.4) <0.001

Table 1. Clinical and metabolic features of study individuals according to study group. GGT gamma-
glutamyltransferase, HbA1C glycated haemoglobin, HDL high-density lipoprotein, HOMA2-IR homeostasis
model assessment 2 for insulin resistance, LDL low-density lipoprotein, NAFLD non-alcoholic fatty liver
disease, MetS metabolic syndrome. *Mean (SD). n (%).

the Forns score was 15% higher in the obese NAFLD-MetS group compared with the obese control group
(6.6£0.8 vs. 5.8+0.9, p=0.003) and 9% higher in lean control group compared with the obese control group
(6.3+£0.9 vs. 5.8£0.9, p=0.042; Fig. 5b). FNI was 256% higher in the obese NAFLD-MetS group compared with
the lean control group (15+12% vs. 6+4%, p<0.001) and 75% higher compared with the obese control group
(15+12% vs. 9+7%, p=0.018 Fig. 5¢). Finally, we found that the MACK3 score was nearly 4 times higher in
the obese NAFLD-MetS group compared with the obese control group (0.18+0.15 vs. 0.05+0.04, p <0.001) and
around 9 times higher compared with the lean control group (0.18+0.15 vs. 0.02+0.02, p <0.001). Finally, the
MACKS3 score was 256% higher in the obese control group compared with the lean control group (0.05+0.04
vs. 0.02+0.02, p=0.002; Fig. 5d). When grouping by the MASLD criteria, similar differences were seen for the
FIB-4 index (Fig. S6a), the FNI algorithm (Fig. S6¢), and the MACK3 score (Fig. S6d), while the Forns score did
not differ significantly between the two control groups (Fig. S6b).

Associations between CK18, FNI, T1 relaxation times, and the MACK3 score

Investigating associations between CK18, FNI, and T1 relaxation times, we found that several markers correlated.
CK18 correlated with both FNI (r=0.69, p <0.001; Fig. 6a), and T1 relaxation times (r=0.41, p <0.001; Fig. 6b).
Furthermore, FNI correlated with T1 relaxation times (r=0.33, p=0.005; Fig. 6¢). Finally, we found that the
MACKS3 score correlated with T1 relaxation times (r=0.50, p<0.001; Fig. 6d) and FNI (r=0.80, p<0.001;
Fig. 6e). Similar findings were observed when grouping according to the MASLD criteria (Fig. S7).

Discussion

We investigated early indicators of the presence of developing liver fibrosis in obese individuals with NALFD
and MetS using a combination of established and novel non-invasive MRI imaging, circulating biomarkers,
and liver fibrosis algorithms. Our key findings were that CK18, T1 relaxation time, FNI, and MACK3 were
increased in obese individuals with NAFLD and MetS without clinical signs of advanced liver fibrosis and/or
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Fig. 2. Dot plots showing T1 relaxation times and liver stiffness (measured by MRE). (a) T1 relaxation times
in Lean control group (n=26), Obese control group (n=28), and Obese NAFLD-MetS group (n=33). (b) Liver
stiffness in Lean control group (n=27), Obese control group (n=28), and Obese NAFLD-MetS group (n=32).
Error bars: Mean + SD. Significance levels: *(p value <0.05), **(p value <0.01), ***(p value <0.001). MRE
magnetic resonance elastography.

T2D. Additionally, we found correlation of these independent measures of liver fibrosis, which strongly suggest
a beneficial use of these methods for non-invasive and early prediction of liver fibrosis risk in obese individuals.

Screening of large populations for liver fibrosis by biopsy is ineligible due to the multitude of risks and
limitations'!. This leads to diagnosis of liver fibrosis focusing mainly on targeted populations, such as individuals
with T2D or overt liver pathology®>*¢. However, liver fibrosis can occur without apparent liver disease and in
accordance with our findings, Wong et al. found that the general population of Hong Kong presented with
advanced liver fibrosis (by transient elastography) in 3.7% of individuals with NAFLD and 1.5% of individuals
with normal ALT, highlighting the occurrence of liver fibrosis without any overt signs. While Wong et al. only
investigated severe fibrosis, it is likely that low grade fibrosis is even more prevalent®”. Moreover, studies that
have investigated liver fibrosis in obese individuals without established liver pathology, have commonly utilized
transient elastography, which is non-invasive but limited in its ability to detect low-grade fibrosis*®-4". Newer
methods such as T1 mapping, MRE, TIMP1, CK18, FNI, and Forns scores offer higher sensitivity and have been
suggested for identifying the early stages of fibrosis and fibroinflammation (MACK3)?#304142,

Qadri et al. did a comprehensive investigation of several fibrosis biomarkers in obesity and their dependence
of BMI in relation to later stages of liver fibrosis, reporting advantages of combining markers to increase
specificity®. Our study is the first to provide a comprehensive characterization and comparison including eight
different liver fibrosis markers, showing elevated T1 mapping, CK18, FNI, and MACK3 in obese individuals
with NAFLD and MetS (or MASLD) compared with obese individuals with none or only one of these conditions.
Combined, these results underline the need for further research on the prevalence and diagnosis of emerging
liver fibrosis in non-targeted obese populations and the potential utility of non-invasive methods for the
identification of individuals at risk (stratification according to a metabolic obesity phenotype).

MRI-based biomarkers, such as T1 mapping and MRE, have been shown to efficiently identify liver fibrosis
and cirrhosis!>***!, In example, Hoffman et al. found that T1 mapping and MRE strongly correlated with liver
fibrosis and could predict severe liver fibrosis in patients with known (by liver biopsy) or suspected liver disease
(with an area under the receiver operator curve (AUROC) between 0.67 and 0.97, respectively)'*. To this end,
our findings showing higher T1 relaxation times in the obese NAFLD-MetS group indicate association with
elevated liver fibrosis risk. However, our MRE data show lower liver stiffness in the obese NAFLD-MetS group
and thus, a negative association between liver stiffness and liver steatosis. This contradicts previous studies
suggesting that steatosis does not affect MRE*>6, We speculate that since our study only includes participants
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without overt liver disease and expectedly no late-stage fibrosis, this apparent inverse relationship between liver
steatosis and stiffness may reverse only in later stage fibrosis.

While MRI and MRE are non-invasive, their use for screening is often limited by high costs related to the
need for specialized equipment and analysis. In contrast, circulating biomarkers, such as TIMP1, PIIINP, and
CK18 are simple and inexpensive to measure, and thus excellent for screening larger populations'’~'°. A hallmark
of circulating biomarkers relates to their pronounced association with disease pathophysiology. For instance,
TIMP1 is involved in degradation of the ECM, PIIINP is a pro-peptide that is detached from collagen, while
CK18 is highly expressed in the liver (5% of total liver protein) and released from epithelial cells during injury
and cell death!®47-%_ Our study identified no significant differences in TIMP1 and PIIINP levels, whereas CK18
was increased in the obese NAFLD-MetS group compared with the obese and lean control groups. Enhanced
CK18 have been shown in NASH and likely increases the risk of liver fibrosis!®. Hence, our findings could
indicate that individuals with obesity, NAFLD, and MetS have increased inflammation and hepatocyte injury,
which could be indicative of emerging liver fibrosis.

The progression of liver fibrosis from NAFLD involves lipotoxicity and damaged hepatocytes that drives
oxidative stress and tissue inflammation. Subsequently, activation of hepatic stellate cells enhances inflammation
and production of ECM®’. This complexity of liver fibrosis is likely not captured by assessing a single biomarker,
why algorithms that combine several biological parameters increase the sensitivity for detection, especially in

Scientific Reports |

(2025) 15:10652 | https://doi.org/10.1038/s41598-025-85508-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

a

CK18 concentration (U/L)

FNI (%)

500

400

300

200

100

60

40

20

500
-
= 400
=
o
s
£ 300
()
(6]
{ o)
o
(&)
® 200
N
(@]
100
| I ] | | | | I ]
0 20 40 60 700 800 900 1,000 1,100
FNI (%) T1 relaxation times (ms)
0.6 0.6
o (O]
g S 04
(6] (8]
(%] (]
[s2] ™
¥ ¥
(@] O
< <
=02 b=
0.2
0.0
0.0
| | | | | | | | 1 | | | | |
700 800 900 1,000 1,100 700 800 900 1,000 1,100 0 20 40 60
T1 relaxation times (ms) T1 relaxation times (ms) FNI (%)
Subgroup Lean Control Obese Control Obese NAFLD-MetS
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targeted populations with increased risk®!. In example, the FIB-4 index include age, platelet count, ALT, and
AST and is routinely used to identify individuals at high risk of severe liver fibrosis'?. Whereas recent biomarker
algorithms like the Forns score and FNT have shown improved sensitivity towards early stages of liver fibrosis
compared with the FIB-4 index*!. Thus, our finding that FNT is increased in the obese NALFD-MetS group could
indicate early signs of liver fibrosis risk. Interestingly, the MACKS3 score, which has validated cutoff values®, are
increased in 17 participants in the NAFLD-MetS group and one in the obese control group to a level (between
0.135 and 0.549) that places these individuals in “the grey zone”, suggesting the presence of active or fibrotic
NASH.

Finally, studies have estimated that a Forns score above 6.9-7.1 predicts advanced liver fibrosis with 90%
accuracy>>*2 Interestingly, we found that 23% of all participants had a Forns score above 7, suggesting a low
specificity in our population. This, in conjunction with the Forns score being developed for identifying significant
fibrosis in chronic hepatitis C patients, indicates that its use remains limited in obesity and NAFLD?2.
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Our study shows that obese individuals with NAFLD and MetS have higher levels of the various liver fibrosis
biomarkers: T1 relaxation times, CK18 concentration, FNI, and MACK3 score. Importantly, the use of different
and independent methods (except for CK18 and MACKS3, since CK18 is part of the MACK3 algorithm), and
their direct correlations strengthens our findings and suggestion that an evident liver fibrosis risk can be detected
in obese individuals with NAFLD and MetS, prior to clinical signs of liver fibrosis. Moreover, the observed
increase in T1 relaxation times and decrease in liver stiffness, may suggest earlier stages of liver fibrosis, such as
fibroinflammation, which is further supported by our data showing FIB-4 index values below commonly used
cut-off values for predicting advanced liver fibrosis. However, since we lack liver biopsy analysis, we cannot
surely establish the potential presence or grade of liver fibrosis in our study participants, but merely estimate a
latent risk. More studies are needed to further investigate and potentially establish the use of these biomarkers
for early identification of liver fibrosis risk in obese individuals with NAFLD and MetS.

Obesity is a heterogeneous condition with varying degrees of metabolic complications*>> why early risk
stratification is essential. Few studies have investigated the association between obesity phenotype and liver
fibrosis risk®*3>4, although insight into early onset and thus assessment prior to clinical signs using non-
invasive tools is sparse. We present data showing increased levels of liver fibrosis biomarkers when grouping
obese individuals based on the presence of both NAFLD and MetS or according to the newly recommended
MASLD criteria*. Since our original study design, focusing on both NAFLD and MetS, is very close to the
MASLD definition, we found only one difference between the two grouping strategies (the Forns score differed
between the two control groups for MASLD grouping). Studies that directly compare NAFLD and MASLD would
shed more light on the weight of the MetS parameters contained within MASLD and offer invaluable insight
into obesity phenotyping based on metabolic risk and how this could enable improved obesity management if
implemented in clinical settings.

By utilizing a variety of non-invasive liver fibrosis biomarkers, we provide a comparison of various methods
that increase the validity of our findings that individuals with obesity, NAFLD, and MetS have increased markers
of liver fibrosis. However, the lack of liver biopsies for confirmation and staging of fibrosis is a significant
limitation, which limits the certainty of our findings. Furthermore, while several studies provide cut-of values
for diagnosis of liver fibrosis, most were not eligible in our study as none of our participants (by study design)
suffered from apparent liver fibrosis. To this end, our conclusion is based on established biomarkers related to
overt and emerging liver fibrosis. In addition, the low sample size of the groups in our study is a limitation that
may constrain its statistical power and generalizability and necessitates careful interpretation of our findings.
However, the pronounced effect sizes observed in most of our presented findings suggest that the impact of
sample size might be less critical in this context. Furthermore, we show every data point and share reproducible
statistical code, allowing for independent evaluation of the findings. Finally, our study is limited by the lack of
data on lifestyle would have shed an important light on our findings.

In conclusion, this study provides an extensive evaluation of a broad range of independent biomarkers of liver
fibrosis in obesity and hereby add to the growing body of evidence on how to assess early liver fibrosis risk in
a non-invasive manner. Our study hereby, provides novel insight into the expression levels of circulating levels
of CK18, calculated MACK3 and FNI scores, and T1 relaxation times being elevated in obese individuals with
NAFLD and MetS (or MASLD) compared with obese control individuals. In particular, CK18 and the MACK3
score has potential as accessible measures with the potential to change future assessment of liver fibrosis risk in
obesity. Larger clinical studies that include information on liver fibrosis presence and stage via liver biopsies are
needed to further elaborate on our findings and determine use and potential reference values for use in “early
NAFLD”. Moreover, since lifestyle, such as diet and physical activity, are important factors in developing NAFLD
and MASLD including such aspects in future studies would provide additional insights. As such, we provide
knowledge that categorizing obesity based on the presence of NAFLD and MetS (or MASLD) could provide a
framework for managing obesity that considers the risk of developing advanced liver disease.

Methods

Study population

This study utilizes baseline data from the MULTISITE study conducted at Aalborg University Hospital (AAUH),
Denmark (Fig. S8 and Table S7). The study is registered on ClinicalTrials.gov (NCT05699863), conducted in
accordance with the Helsinki Declaration, and approved by the Health Ethics Committee of North Jutland,
Denmark (N-20200013).

We screened 62 non-diabetic individuals with obesity and 35 lean weight individuals of similar age- and
sex. In short, participants between 30 and 60 years were recruited from October 2020 to July 2022 and provided
informed consent according to the study protocol prior to enrolment. Inclusion criteria were self-reported body
mass index (BMI): for the lean control group between 18.5 and 25.0 kg/m? and for individuals with obesity
between 30.0 and 40.0 kg/m? as well as motivation to participate in the weight-loss program, and absence of
diabetes. Exclusion was based on: previously diagnosed diabetes or glycated haemoglobin (HbA, )>48 mmol/
mol; endocrine or malignant disease; pregnancy; alcohol abuse; drug abuse; contraindications to MRI scanning;
ongoing medical treatment with corticosteroids, antibiotics, chemotherapy, and antibiotic treatment within
two months prior to inclusion. Furthermore, lean control individuals were excluded if they presented with
NAFLD (=5% liver steatosis) assessed by MRI. We compared levels of liver fibrosis markers by three different,
independent types of methods (MR, circulating markers, and algorithms) for all three groups. We included 88
participants, including 61 non-diabetic individuals with obesity and 27 lean weight individuals (Fig. 1).

Study design
The current study is a case-control study designed to identify and quantify various metabolic risk factors among
obese individuals with NAFLD and MetS (obese NAFLD-MetS group), obese individuals without or with either
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NAFLD or MetS, but not both (obese control group), and lean individuals (lean control group). All participants
underwent a baseline visit at AAUH that included blood sample collection, MRI, and collection of clinical data
(anthropometry and blood pressure). Participants were requested to fast overnight (>8 h) and remained fasting
for the duration of the study visit. All assessments were completed in a single day to minimize confounding
factors related to sample collection times. After the baseline visit, obese participants were grouped into an
obese NAFLD-MetS group (with both NAFLD (>5.0% liver steatosis) and MetS (according to the IDF criteria®:
Presence of three or more of the following criteria: elevated waist circumference (=94 cm in men or >80 cm in
women), elevated blood pressure (systolic blood pressure > 130 mmHg or diastolic blood pressure > 85 mmHg or
antihypertensive drug), elevated fasting plasma glucose (= 5.6 mmol/l (100 mg/dL) or glucose-lowering drugs),
elevated triglycerides (=1.7 mmol/l (150 mg/dl) or lipid-lowering drug), low HDL cholesterol (<1.03 mol/l
(40 mg/dL) in men or <1.29 mmol/l (50 mg/dL) in women or lipid-lowering drug) or an obese control group
(without or with either NAFLD or MetS, but not both) (Fig. S8).

Clinical data

Clinical measurements included weight (participants wearing a hospital gown), height (using a stadiometer),
waist and hip circumference (according to the guidelines of the world health organization (WHO))*. Blood
pressure was measured a minimum of three times after a 5-10 min period of seated rest and reported as the
average of the last two measurements.

Circulating biomarkers

Venous blood was collected by a trained biomedical laboratory technician using antecubital venepuncture with
a 21- or 24-gauge needle. The collected blood was analysed immediately or aliquoted and stored at — 80 °C.
Routine blood analysis was performed immediately after sample collection at an accredited hospital laboratory
(DS/ENISO 16189). Briefly, plasma glucose, alanine transaminase (ALT), aspartate transaminase (AST), gamma
glutamyl transferase (GGT), cholesterol, high-density lipoproteins (HDL), triglycerides (TG), and C-reactive
protein (CRP) were measured on Cobas 6000c (Roche, Mannheim, Germany). Low-density lipoproteins (LDL)
were calculated using the Friedewald equation®®. Serum insulin and C-peptide levels were measured on Cobas
601E (Roche, Mannheim, Germany). Platelet concentration was measured on Sysmex XN-9000 (Sysmex Co.,
Kobe, Japan). HbA, was measured on Sebia Capillarys 3 (Sebia, Lisses, France). Insulin resistance was estimated
using the homeostasis model assessment for insulin resistance (HOMAZ2-IR), and was calculated from specific
insulin and fasting plasma glucose levels using the iterative structural model using the HOMA2 calculator
(RRID: SCR_023419)>7-%8,

TIMP1 was measured using Quantikine ELISA kit (R&D Systems Inc., Minneapolis, MN, USA, Cat.
#DTM100, Lot. #651-170619, RRID: AB_2813877) and CK18 was measured using the M30 Apoptosense
CK18 ELISA Kit (VLVbio, Stockholm, Sweden, Cat. #P10011, Lot. #10011-014, RRID: AB_2935871) following
manufacturer’s instructions. Serum PITIINP was measured in an accredited routine hospital laboratory (DS/EN
ISO 16189) by the Atellica IM analysis (Siemens Healthineers, Erlangen, Germany). The inter-assay CV's for all
ELISA are presented as supplementary material.

Liver fibrosis algorithms
Liver fibrosis algorithms were calculated for the FIB-4 index, Forns score, and FNI. The FIB-4 index was
calculated using Eq. (1)*%

Age (years) x AST (U/L)

FIB -4 = (1)
Platelets (10°/L) « /ALT (U/L)
The Forns score was calculated using Eq. (2)**:
Forns score = 7.811 — 3.131 * In (Platelets (IOQ/L)) +0.781 xIn (GGT (U/L)) @)

+ 3.467 x In (Age (years)) — 0.014 x Cholesterol (mg/dL)

FNI was calculated using Eq. (3)*%:

6—10A33+2454*1n(AST(U/L))+3.86*1n(HbAlc(%))—1.66*1n(HDL(m.g/(iL))

FNI= 1 — ¢—10.33+2.54%In(AST(U/L))+3.86xIn(HbAlc(%))—1.66+In(HDL(mg/dL)) * 100 (3)

MACKS3 was calculated according to?*, using the online MACK3 calculator®. Because the MACK3 calculator
requires insulin reported in pIU/mL, we converted insulin from pmol/L (collected unit) to uIU/mL using the
unit conversion for human insulin of 1 uIU/mL=6.00 pmol/L.

Imaging

Liver steatosis was determined by MRI using proton density fat fraction (PDFF) and liver fibrosis was evaluated
by MRI using T1 mapping and MRE. Participants were scanned in a 3T MRI scanner (Signa Premier, General
Electric, Milwaukee, WI, USA) using a flexible 30-channel coil (AIR) and a 60-channel in-bed coil in the supine
position. PDFF maps were obtained using breath-hold multi-point Dixon (IDEAL IQ) sequences using fat- and
water-only images to generate PDFF maps®. For T1 mapping, a pulse-triggered modified Look-Locker inversion
recovery (MOLLI) 2D imaging sequence was done as described®. MRE was performed using mechanical waves
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centred on the xiphisternum and generated using a rigid, round, active pneumatic driver fastened to the upper
abdomen and vibrated at 40 Hz. Settings used for image capture is presented as supplementary material.

Image processing

Liver steatosis was calculated from PDFF map images using Vitrea Read (v.8.3.53-55, Canon Medical Informatics
Inc., Minnetonka, Minnesota, USA, RRID: SCR_023418) as the mean of four circular regions of interest (ROIs);
(mean size: 10 cm?). Liver fibrosis was estimated using T1 mapping (T1 relaxation time) and MRE (liver
stiffness). Assessment of T1 relaxation time was performed on the T1 maps using GE Volume Viewer (v. 15.0
Ext. 6, General Electrics, Milwaukee, WI, USA, RRID: SCR_023417), and calculated as the mean of four circular
ROIs (mean size: 7 cm?). MRE was determined from stiffness maps generated using a direct inversion algorithm
on the MRI scanner. Measurements were performed using GE Volume Viewer (v. 3.0, Ext. 2.3, General Electrics,
Milwaukee, WI, USA, RRID: SCR_023417), and calculated as the mean of four circular ROIs (mean size: 9 cm?).
ROIs for all measurements were placed in the anterior, posterior, medial, and lateral segments of the liver to
include as much liver parenchyma as possible within the segments, excluding large vessels, the liver border, and
artifacts, as recommended®!-%2. Images were processed by a single skilled operator.

Data analysis

Hypotheses were tested using univariate statistics. Specifically, differences between continuous and categorical
variables were tested using two-sided ANOVA (group differences) with the Benjamini-Hochberg procedure
to correct for multiple comparisons. Variables with significant differences between groups were compared by
post-hoc testing (pairwise comparison) using two-sided independent samples t-tests with the Holm-Bonferroni
procedure to adjust for family-wise error rate. The relationships between two categorical variables were tested
using the Chi-squared test. The ANOVA, independent samples t-test, and chi-square tests were conducted using
simulated based inference testing, with permuted null distributions based on 3000 resamples. Variables with
an observed statistic outside the simulated null distribution were assigned a p value of 0.00099. Associations
between two continuous variables were tested using the Pearson correlation coefficient. The effect sizes of the
associations were interpreted using Cohen’s conventions®. Statistical significance was defined as p <0.05 for
all statistical analyses. Data are presented as means (SD) unless otherwise specified. Furthermore, to give the
possibility of comparing liver fibrosis in MASLD, additional comparisons were conducted using an alternative
grouping of MASLD, presented in supplementary materials.

Data processing, plotting, and statistical analyses were conducted using R version 4.3.3 (RRID: SCR_001905)%4.
Information on the data analysis workflow and reproducible code is openly available at https://doi.org/10.5281/z
enodo.6337195. Supporting statistical results (observed statistic, unadjusted p values, and adjusted p values) are
presented in supplementary Tables S2-S6 and Figs. S9-S13.

Data availability

Restrictions apply to the availability of some, or all data generated or analysed during this study to preserve pa-
tient confidentiality. The corresponding author will on request detail the restrictions and any conditions under
which access to some data may be provided.
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