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Abstract

Background Studies have demonstrated that both lower limb arterial calcification and metabolic dysfunction-
associated steatotic liver disease (MASLD) are linked to the development of peripheral artery disease. However, the
potential relationship between MASLD biomarkers and progression of lower limb arterial calcification in individuals
with type 2 diabetes (T2D) remains unclear. This study aimed to investigate whether the biomarkers of MASLD
included in the FibroMax® panels are associated with the progression of lower limb arterial calcification in patients
with T2D.

Methods The lower limb arterial calcification score (LLACS) was evaluated through computed tomography at
baseline and after an average follow-up of 31.2+3.7 months in a cohort of 150 patients with T2D. We also measured
the serum biomarkers included in the FibroMax® panels (SteatoTest®, FibroTest®, NashTest®, ActiTest®). The predictive
ability of these biomarkers of MASLD on LLACS progression was assessed through univariate and multivariate linear
regression models, principal component regression analysis, as well as machine learning algorithms.

Results During the follow-up period, LLACS increased in 127 (85%) of the 150 patients with T2D. In univariate
analysis, the annualized change in LLACS was positively and mainly correlated with baseline LLACS (r=0.860,

p <0.0001), the FibroTest® score (r=0.304, p=0.0002), and age (r=0.275, p=0.0006), and negatively correlated with
glomerular filtration rate (r=—0.242, p=0.003). In multivariate analysis, the FibroTest® score remained independently
associated with the annualized change in LLACS, after adjusting for baseline LLACS and risk factors for lower extremity
artery disease (B coefficient [95% confidence interval]: 988 [284-1692], p=0.006). This association persisted even after
adjustment for variables selected by principal component analysis (3= 1029 [289-1768], p=0.007). Two advanced
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machine learning models identified the FibroTest® score as the second most important predictor of annualized

change in LLACS, following baseline LLACS.

Conclusions This study represents the first demonstration of an independent relationship between a non-invasive
liver fibrosis test and the progression of lower limb arterial calcification in patients with T2D. Beyond its utility
in assessing liver fibrosis, the FibroTest® could be a valuable and easy-to-use biomarker for predicting the risk of

worsening lower limb arterial calcification.

Trial registration: ClinicalTrials.gov identifier NCT02431234.
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Background

Patients with type 2 diabetes (T2D) have an increased
risk of developing lower extremity artery disease, com-
monly known as peripheral artery disease (PAD) [1].
Lower limb arterial calcification plays a pivotal role in
the development of PAD, particularly in T2D patients [1,
2]. Lower limb arterial calcification is independently and
significantly associated with arterial thrombosis, occlu-
sive arterial disease and lower limb amputation [3-9].
In addition, lower limb arterial calcification is associ-
ated with cardiovascular events and mortality [5, 10, 11].
Interest has therefore grown around this long-ignored
complication of diabetes, for which no treatment is cur-
rently available.

Nonalcoholic fatty liver disease (NAFLD), recently
renamed metabolic dysfunction-associated steatotic liver
disease (MASLD) [12], is highly prevalent in patients
with T2D [13]. Some recent evidence suggests a poten-
tial link between MASLD and PAD in cohorts of T2D
and/or obese patients [14, 15]. In an observational pro-
spective study involving 7,771 adults, with less than 18%
of patients with diabetes, MASLD at baseline was even
associated with a 67% higher risk of developing PAD [16].

Although both MASLD and lower limb arterial cal-
cification are associated with PAD and share common

pathophysiological mechanisms, such as insulin resis-
tance, lipotoxicity, hepatokines, and inflammation, it
remains unclear whether MASLD biomarkers are linked
to the severity and progression of lower limb arterial
calcification. A recent study in 77 patients with T2D
identified an association between lower limb arterial cal-
cification and the fatty liver index, a biomarker indicative
of liver steatosis [17]. However, the cross-sectional design
of this previous study precluded an assessment of the
progression of lower limb arterial calcification over time.
Furthermore, the study exclusively focused on a bio-
marker of liver steatosis and did not explore biomarkers
representing other stages of MASLD, such as liver fibro-
sis or steatohepatitis.

Therefore, the primary aim of the present study was
to assess whether the serum biomarkers of MASLD
included in the FibroMax panels are associated with the
progression over time of lower limb arterial calcification
in patients with T2D. FibroMax® comprises four non-
invasive biomarker panels designed to evaluate various
aspects of liver pathology. The SteatoTest® score assesses
the severity of liver steatosis, while the ActiTest® and
NashTest® scores evaluate the levels of liver necrosis and
inflammation. The FibroTest® score specifically measures
the extent of liver fibrosis.
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Methods

Study design and follow-up

DIACART (for “Arterial Calcification in the Diabetes”)
is a prospective monocentric cohort study. The recruit-
ment period extended from February to October 2014, in
which 198 people with T2D consulting at the Diabetol-
ogy or Cardiology Departments of the Pitié-Salpétriere
Hospital (Paris, France) were enrolled. Inclusion crite-
ria were T2D associated with at least one of the follow-
ing factors: coronary artery disease or age>50 years for
men and >60 years for women. Exclusion criteria were:
an estimated glomerular filtration rate (eGFR)<30 ml/
min/1.73 m? immunodeficiency, acute infectious or
inflammatory disease or type 1 diabetes. The study
was approved by our institutional ethics commit-
tee (Comité de Protection des Personnes “lle de France
VT, Paris, France) and registered in ClinicalTrials.gov
(NCT02431234). All patients were informed of the study
objectives and procedures. Participants gave their written
informed consent for participation prior to inclusion.

At the inclusion visit and after a mean follow-up of
31.2+3.7 months (median: 30.7 months; range: 25.9—
42.2 months), all patients had a clinical evaluation,
laboratory blood tests, and helicoidal computerized
tomography scans. Peripheral neuropathy was evaluated
by the neuropathy disability score with values>6 consid-
ered abnormal [18]. Their medical records were reviewed
to check the clinical information and the concomitant
treatments.

For the sample size calculation, it was assumed that
the correlation coefficient between a score included
in the FibroMax® panels and the progression of lower
limb arterial calcification in patients with T2D is 0.250.
Based on these assumptions, a minimum of 123 patients
was required to demonstrate a significant association
between a score included in the FibroMax panels and the
progression of lower limb arterial calcification, with an
alpha risk of 5% and a statistical power of 80%.

Imaging for lower limb arterial calcification score

The lower limb arterial calcification score (LLACS)
was obtained after scanning with a 128-slice multi-
detector dual-source computed tomography scanner
(SOMATOM Definition Flash, Siemens Healthineers
Healthcare™, Erlangen, Germany) without contrast, from
the bottom of the patella down to the ankle. Three-mil-
limeter cross-sectional slices were analyzed. The analy-
sis was performed by radiologists who were blinded to
the results of MASLD biomarkers and clinical examina-
tion, using a commercially available software package
(Heartbeat CaScore, Philips Healthcare™, Eindhoven,
Netherlands). Calcified areas along the below-knee arter-
ies with a cross-sectional area>1 mm? and with a den-
sity 2130 Hounsfield units were identified automatically.
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LLACS, determined according to the method described
by Agatston et al. [19], was obtained separately for each
of the main below-knee arteries (distal popliteal, ante-
rior tibial, posterior tibial and peroneal arteries) and then
added up to obtain the total calcification score [expressed
in Agatston units (AU)], which was used in statistical
analysis. LLACS progression was calculated as LLACS at
the end of follow-up minus LLACS at baseline (i.e. “abso-
lute change in LLACS”) divided by follow-up duration in
years (“annualized change in LLACS”).

Laboratory evaluations and FibroMax® panels

Blood samples were collected after overnight fasting
for the measurement of routine biochemistry diagnos-
tic tests. Routine analytical procedures were performed
according to the manufacturer instructions as previously
described [20]. eGFR was calculated according to the
MDRD formula.

FibroMax® (BioPredictive™, Paris, France), evaluated at
the end of follow-up, corresponds to a combination of
four non-invasive panels of biomarkers designed to assess
liver steatosis (SteatoTest®), necrosis and inflammation
(ActiTest® and NashTest®) and fibrosis (FibroTest®) [21].
FibroTest® includes serum alpha-2 macroglobulin, apoli-
poprotein-A1l, haptoglobin, total bilirubin and gamma-
glutamyltranspeptidase, adjusted for age and sex. Fibrosis
severity is categorized as no (F0), minimal (F1), moder-
ate (F2), advanced (F3) or severe (F4) fibrosis. ActiTest®,
which includes the same components as FibroTest® plus
alanine-aminotransferase, assesses inflammatory activ-
ity, categorized as none (A0), minimal (Al), moderate
(A2) or severe (A3). SteatoTest® includes the same six
components as ActiTest® plus body mass index (BMI),
serum total cholesterol, triglycerides and fasting glu-
cose, adjusted for age and sex. It is categorized as no (S0),
minimal (S1), moderate (S2), and marked or severe (S3)
steatosis. Lastly, NashTest® includes the same parameters
as FibroTest plus alanine-aminotransferase, aspartate-
aminotransferase, serum total cholesterol, triglycerides,
and fasting glycemia, adjusted for age and sex. NashTest"
severity is classified as minimal (N1), moderate (N2) or
severe metabolic dysfunction-associated steatohepati-
tis (N3). The scores for all of the FibroMax® panels range
from 0.00 to 1.00. The laboratory was blinded to LLACS
values and clinical data.

Serum fetuin-A and interleukin-6 were measured by
ELISA as previously described [20]. Plasma sphingolipids
(23 ceramides, 8 dihydroceramides, and 7 sphingosines)
were quantified by liquid chromatography coupled with
tandem mass spectrometry, as previously described [22].

The triglyceride-glucose index (TyG index) was calcu-
lated as followed: In(fasting triglycerides [mg/dL]*fasting
plasma glucose [mg/dL]/2). The homeostasic model
assessment of insulin resistance (HOMA-IR) was
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calculated as fasting insulin (mU/L) x fasting plasma glu-
cose (nmol/L)/22.5.

Statistical analysis

Data are shown as means *standard deviation (SD) or
medians [1st—3rd quartiles] for continuous variables and
percentages (frequency) for categorical variables. The
skewness of each continuous variable was assessed using
Pearson's first skewness coefficient, and values were
log10 transformed to improve normality if necessary.

Trends between several categories were assessed with
the Cochran-Armitage trend test for proportions and
the Jonckheere-Terpstra trend test for continuous vari-
ables using bootstrapping (10,000 iterations). The Mann—
Whitney U test was used to compare two groups.

For the univariate correlation analysis, Spearman cor-
relation coefficients (rho) were determined for continu-
ous variables, and point-biserial correlation coefficients
(rpbi) were used to assess the association between contin-
uous variables and categorical variables.

Multivariate analyses were conducted using multivari-
ate linear regression based on the least-squares method.
The collinearity between independent variables was
checked and ruled out when variance inflation factor was
below the threshold of four. Principal component regres-
sion, which is a combination of principal component
analysis and multiple linear regression, was performed to
identify independent variables through parallel analysis,
followed by subsequent multiple linear regression using
the selected variables. Additionally, ANCOVA analy-
sis was employed to examine the impact of categorical
variables on the dependent variable. An interaction term
(“categorical variable*FibroTest” score”) was incorporated
to assess whether the relationship between the FibroTest®
score and LLACS was consistent across subgroups. Bias-
corrected and accelerated bootstrapped subgroup com-
parisons were performed using a post-hoc Tukey test
following the one-way ANCOVA, based on 1,000 suc-
cessful replicates. Prior to performing ANCOVA analysis,
the assumptions of homogeneity of regression slopes and
equality of variances were checked. Lastly, two advanced
machine learning models (namely, Random Forest and
XGBoost) were employed to validate the prognostic value
of variables for predicting LLACS progression.

To identify potential explanatory variables influenc-
ing the relationship between MASLD biomarkers and
LLACS, we conducted a machine learning approach uti-
lizing the least absolute shrinkage and selection operator
(LASSO) regression with extended Bayesian information
criterion (EBIC). All potential explanatory variables were
selected based on their pathophysiological relevance, and
all were included in the same LASSO-EBIC analysis.

Statistical calculations were performed using Graph-
Pad Prism (version 9.5.0) and JASP (version 0.18.3). A
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two-tailed probability level of 0.05 was considered as sta-
tistically significant. A Benjamini—-Hochberg procedure
was applied for controlling false positives in multiple
testing, using a false discovery rate of 5%.

Results

A total of 198 patients were initially enrolled in the DIA-
CART study. During the study follow-up period, 18
patients were lost to follow-up, 11 patients died prior to
the second LLACS evaluation, and FibroMax® measure-
ments were unavailable for 19 patients. Consequently, the
final study population for analysis comprised 150 evalu-
able patients, exceeding the predefined minimal sample
size of 123.

Patient characteristics

Table 1 shows the main clinical and biochemical char-
acteristics of the 150 patients with T2D. At baseline,
patients were predominantly middle aged, overweight,
male, with a long duration of diabetes and a relatively
good glycemic control. Less than 25% of the patients
had retinopathy, while 35% had signs of peripheral neu-
ropathy. Nearly a third of the patients had nephropathy
but the eGFR (7319 mL/min/1.73 m?) was relatively
preserved as expected since an eGFR lower than 30 mL/
min/1.73 m? was an exclusion criterion. Most of the
patients were active or past smokers and had hyper-
tension. They often took statins, antiplatelet therapies,
B-blockers and renin-angiotensin system inhibitors.
Diabetes was often treated with metformin, insulin and
sulfonylurea. More than three-quarters of the patients
(n=112) had a SteatoTest stage>S1, while 60.7% (n=91)
had a FibroTest stage > F1.

Lower limb arterial calcifications at baseline and FibroMax®
panels

The median LLACS at baseline was 503 [interquar-
tile range: 44-2224] AU. We investigated the associa-
tion between the degree of calcification in below-knee
arteries at baseline and FibroMax® panels. In univari-
ate regression analysis (Table 2), LLACS at baseline
was positively associated with male gender (ry,;=0.344,
p<0.0001), beta-blockers use (rpbi:0.282, p=0.0005),
age (rho=0.285, p=0.0004), and the FibroTest® score
(rho=0.271, p=0.0008), and negatively with eGFR
(rho=-0.241, p=0.003). Subgroups analyses revealed
that age, sex, BMI, diabetes duration, beta-blocker use,
and eGFR categories had no significant impact on the
association between the FibroTest® score and LLACS at
baseline (Additional file 1).

By subdividing the cohort according to FibroTest®
stages (Table 3), LLACS at baseline significantly
increased with the FibroTest® categories (p-value for
trend =0.050). The association between the FibroTest®
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Table 1 Participant characteristics (n=150)

Characteristics

General characteristics at baseline

Age,y 64.0+£83
Gender, % male (n) 780% (117)
Diabetes duration, y 164+9.2
Smoking (active or past), % (n) 65% (97)
Hypertension 85% (128)
Dyslipidemia 91% (137)
Retinopathy 24% (36)
Peripheral neuropathy 35% (52)

BMI, kg/m? 287 [25.2t032.7]
Systolic blood pressure, mmHg 135+17
Diastolic blood pressure, mmHg 76+9

Insulin use, % (n) 51% (77)
Metformin use, % (n) 79% (119)
Sulfonylurea use, % (n) 45% (68)
GLP-1 receptor agonist, % (n) 7% (10)
Statin use, % (n) 89% (133)
Ezetimibe use, % (n) 15% (23)
Antiplatelet use, % (n) 82% (123)
ARB or ACEi use, % (n) 79% (119)
Beta-blocker use, % (n) 65% (97)
Biological characteristics at baseline

Fasting glycemia, mmol/L 9.15+3.20
HbA1c, % 7.71691t083]
eGFR, mL/min/1.73m? 73+19

Albuminuria, mg/mmol creat
Triglyceridemia, mmol/L

Total cholesterolemia, mmol/L
LDL-cholesterolemia, mmol/L
HDL-cholesterolemia, mmol/L
AST, IU/L

ALT, IU/L

AST-to-ALT ratio

GGT, IU/L

hsCRP, mg/L

IL-6, pg/mL

Below-knee arterial calcification
LLACS at baseline, AU

LLACS at the end of follow-up, AU
Absolute change in LLACS, AU
Annualized change in LLACS, AU/year
FibroMax® panels

SteatoTest® score

S0, % (n)

S1,% (n)

S2,% (n)

S3,% (n)

FibroTest® score

FO, % (n)

23[09t011.7]
166 [1.12t0 241]
3.96+0.90
207+0.71

1.06 [0.88 to 1.27]
26 [21to 31]
25[1810 32]

1.08 [0.84 to 1.25]
33 [24 to 50]

1.24 [0.65-3.04]
3.2[2.10-4.80]

503 [44 to 2224]
1242 [132t04112]
+547 [+53to+1761]
+215 [+21 to+688]

0.544+0.206
24.3% (36)
29.1% (43)
18.9% (28)
27.7% (41)
0.376+0.213
39.3% (59)
27.3% (41)
14.0% (21
13.3% (20
6.0% (9)

)
)
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Table 1 (continued)
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Characteristics

NashTest® score
NO, % (n)

N1, % (n)

N2, % (n)
ActiTest® score
AQ, % (n)

A1, % (n)
A2-A3,% (n)

0.50[0.25 to 0.50]
33% (50)

52% (78)

15% (22)
0.12[0.07t0 0.18]
90% (135)

6% (9)

4% (6)

Data are presented as median [1st to 3rd quartiles], mean+standard deviation or percentage, as appropriate. ACEi, angiotensin converting enzyme inhibitor;
ALT, alanine aminotransferase; ARB, angiotensin receptor blockers; AST, aspartate aminotransferase; AU, Agatston unit; BMI, body mass index; eGFR, estimated
glomerular filtration rate; GGT, gamma glutamyltranspeptidase; GLP: glucagon-like peptide; LLACS, lower limb arterial calcification score

score and baseline LLACS did not remain significant
after adjustment for sex, age, eGFR, and beta-blocker
use (unstandardized p=1821 [95% confidence interval
(CI): —2926-6569], p=0.45). No association was found
between LLACS at baseline and the SteatoTest®, ActiTest®
or NashTest® scores (p >0.05 for all) (Table 2).

Lower limb arterial calcifications at the end of follow-up
and FibroMax® panels

The median LLACS at the end of follow-up was 1242
[interquartile range: 132-4112] AU. In univariate
regression analysis (Table 2), LLACS at the end of fol-
low-up was positively associated with baseline LLACS
(rho=0.968, p<0.0001), the FibroTest® score (rho=0.309,
p=0.0001), and age (rho=0.273, p=0.0007), and nega-
tively with eGFR (rho=-0.249, p=0.002). Subgroups
analyses revealed that age, sex, diabetes duration, and
eGFR categories had no significant impact on the associ-
ation between the FibroTest® score and LLACS at the end
of follow-up (Additional file 1). BMI lower than 25 kg/m?
significantly strengthened the association between the
FibroTest® score and the LLACS at the end of follow-up
(p for interaction = 0.008; size effect »”=0.038).

By subdividing the cohort according to FibroTest
stages (Table 3), LLACS at the end of follow-up signifi-
cantly increased with the FibroTest categories (p-value
for trend = 0.042). The association between the FibroTest®
score and LLACS at the end of follow-up remained sig-
nificant after adjustment for baseline LLACS, age, and
eGFR (unstandardized p=1863 [95% CI 364-3362],
p=0.015). No association was found between LLACS
at the end of follow-up and the SteatoTest®, ActiTest® or
NashTest* scores (p>0.05 for all) (Table 2).

Progression of lower limb arterial calcifications and
FibroMax® panels

During the follow-up period (mean + SD:
31.2+3.7 months, range: 25.9-42.2 months), LLACS
increased in 127 (85%) of the 150 patients with T2D. In
the entire cohort, LLACS significantly rose from 503 AU

[44-2224] (median [1st-3rd quartiles]) at baseline to
1242 AU [132-4112] at the end of follow-up (p <0.0001).

In univariate analysis (Table 2), the annualized change
in LLACS was positively correlated with baseline LLACS
(r=0.860, p<0.0001), the FibroTest® score (r=0.304,
p=0.0002), age (r=0.275, p=0.0006), albuminuria
(r=0.226, p=0.006), and the AST-to-ALT ratio (r=0.261,
p=0.001), while a negative correlation was found with
eGFR (r=-0.242, p=0.003). No significant associa-
tions were observed between the annualized change in
LLACS and follow-up duration, SteatoTest®, ActiTest’, or
NashTest® scores (p > 0.05 for all).

The FibroTest® score was significantly associated with
the annualized change in LLACS, independent of sex,
age, BMI, diabetes duration, beta-blockers use, eGFR,
and albuminuria categories (Table 4). BMI below 25 kg/
m? was the only variable that significantly strengthened
the association between the FibroTest® score and the
annualized change in LLACS (p for interaction=0.011;
size effect »?=0.034). However, bootstrapped compari-
son revealed no significant differences in annualized
change in LLACS between the two BMI subgroups after
controlling for the FibroTest® score (p=0.27).

Stratification of the cohort based on FibroTest® stages
demonstrated a significant association with both abso-
lute and annualized changes in LLACS increasing pro-
gressively across higher FibroTest® categories (p-values
for trend =0.030 and 0.023, respectively; Table 3). Annu-
alized change in LLACS was greater in patients with
a FibroTest® stage>F1 compared to those with a stage
FO (889 [229-2063] vs. 243 AU [14-881], p=0.002), in
patients with a FibroTest® stage>F2 compared to those
with a stage <F2 (1096 [302-2134] vs. 397 AU [20-1594],
»=0.002), and in patients with a FibroTest® stage>F3
compared to stage < F3 (1424 [427-3858] vs. 454 AU [33—
1626], p=0.003). Among the 23 patients with no LLACS
progression during the follow-up, 21 (91%) had stages FO
or F1 (p-value for trend = 0.037).

In the multivariate analysis (Table 5), the FibroTest’
score remained independently associated with the annu-
alized change in LLACS after adjusting for variables
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Table 2 Univariate correlations between LLACS and patient characteristics at baseline
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Variables LLACS at baseline LLACS at the end of follow-up Annualized change in
LLACS

rho/r,; p value rho/ry,; p value rtho/r p value
LLACS at baseline N.A N.A 0.968 <0.0001 0.860 <0.0001
Age 0.285 0.0004 0.273 0.0007 0.275 0.0006
Gender (male) 0.344 <0.0001 0.164 0.05 0.084 0.31
Diabetes duration 0.049 0.55 0.076 0.38 0.094 0.25
Smoking (active or past) 0.126 0.12 —-0.077 0.35 —0.092 0.26
Hypertension 0.166 0.04 —0.004 0.97 0.007 092
Dyslipidemia —-0.061 046 —-0.007 0.94 —0.065 043
Retinopathy 0.197 0.02 0.163 0.05 0.006 0.94
Neuropathy 0.101 0.18 0.024 0.77 —0.002 0.99
BMI —-0.021 0.80 -0.0M11 0.89 —-0.011 0.90
SBP 0.140 0.09 0.156 0.06 0.155 0.06
DBP -0.077 0.35 —0.091 0.27 -0.116 0.16
Insulin use 0.013 0.88 0.1 0.17 —0.084 0.31
Metformin use 0.017 0.84 -0.147 0.07 -0.028 0.73
Sulfonylurea use -0011 0.90 —-0.074 037 —-0.090 0.27
GLP-1 receptor agonist -0.121 0.14 -0.033 0.69 —0.004 0.97
Statin use 0.028 0.73 0.002 0.98 0.083 0.31
Ezetimibe use 0.144 0.08 0.029 0.73 0.004 0.96
Antiplatelet use 0.167 0.04 0.151 0.07 0.128 0.12
ARB or ACEi use -0.024 0.77 0.105 0.20 0.087 0.29
Beta-blocker use 0.282 0.0005 0.138 0.09 0.222 0.006
Fasting glycemia -0.032 0.70 -0.014 0.87 0.001 0.99
HbA1c —-0.118 0.15 -0.127 0.12 —0.151 0.07
eGFR -0.241 0.003 -0.249 0.002 -0.242 0.003
Albuminuria 0.127 0.12 0.191 0.02 0.226 0.006
Triglyceridemia -0.118 0.15 —0.086 0.29 —-0.027 0.74
Total cholesterolemia —-0.191 0.02 -0.176 0.03 -0.175 0.03
LDL-cholesterolemia -0.119 0.15 —-0.121 0.14 —0.151 007
HDL-cholesterolemia —0.000 0.99 0.010 091 —0.006 0.95
AST -0.014 0.87 0.110 0.18 0.109 0.18
ALT —-0.073 037 —-0.075 0.36 -0.119 0.15
AST-to-ALT ratio 0.183 0.025 0.209 0.010 0.260 0.001
GGT —-0.008 0.92 0.043 0.60 0.054 0.51
FibroTest® score 0.271 0.0008 0.309 0.0001 0.304 0.0002
SteatoTest® score -0.124 0.13 —-0.098 0.24 —0.068 041
NashTest® score —-0.070 0.39 —-0.052 0.53 —0.042 0.61
ActiTest® score 0.034 0.68 0.046 0.57 0.009 0.92
hsCRP, mg/L 0.069 0.40 -0.044 0.60 —0.050 0.55
I-6, pg/mL 0.045 0.58 0.019 0.82 0.008 0.91

Rho and r,,; represent the Spearman and point-biserial correlation coefficients, respectively. LLACS was log-transformed for point-biserial analysis. The correlations
remaining significant after Benjamini-Hochberg correction to control the false discovery rate are reported in bold

ACEi, angiotensin converting enzyme inhibitor; ALT, alanine aminotransferase; ARB, angiotensin receptor blockers; AST, aspartate aminotransferase; BMI, body mass
index; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; GGT, gamma glutamyltransferase; GLP, glucagon-like peptide; LLACS, lower limb

arterial calcification score; N.A., not applicable; SBP, systolic blood pressure

significantly associated with the annualized change in
LLACS in the univariate analysis, including baseline
LLACS (Model 1, unstandardized =798 [95% CI: 125—
1471], p=0.020). In addition, the FibroTest score exhib-
ited an association with annualized change in LLACS,
independent of the risk factors for lower extremity artery
disease outlined in the European Society of Cardiology

guidelines [23], namely age, smoking, hypertension, dia-
betes duration, total cholesterolemia, and HDL-cho-
lesterolemia (Model 2, =988 [284-1692], p=0.006).
The FibroTest® score remained also associated with the
annualized change in LLACS, independently of variables
previously identified in patients with T2D as being asso-
ciated with lower limb arterial calcification (Model 3,
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Table 3 LLACS according to FibroTest® categories

Characteristic Total FibroTest® stages p

Fo F1 F2 F3-F4 value

for
trend

All patients

Participants, n (%) 150 59 (39%) 41 (27%) 21 (14%) 29 (19%)

LLACS at baseline, AU 503 [44t02224] 181[0to 1449]  434[102t02311] 923 [349t02196] 1199 [287t0 3998] 0.050

LLACS at the end of follow-up, AU 1242132 to 421[20t03382] 1298 [95t04169] 1462 [609 to 2707 [845 to 7400] 0.042

4112] 3275]

Absolute change in LLACS, AU 547 [53t0 17611 243[14t0881]  685[49t02037] 644 [3111t0 1650] 1424 [427 to 3858] 0.030

Annualized change in LLACS, AU/year 21521 to 688] 90 [5.4 to 382] 291 [19to 781] 248 [125t0633] 465[140to 1674]  0.023

Patients with no progression of LLACS

Participants, n (%) 23 13 (57%) 8 (35%) 0 (0%) 2 (9%) 0.037

Data are presented as median [1st to 3rd quartiles] or number (percentage), as appropriate. Individuals with F3 or F4 stages were grouped together to reach a
significant number of subjects. P-values in bold indicate statistical significance. AU, Agatston unit; LLACS, lower limb arterial calcification score

Table 4 Subgroup analysis of the association between the FibroTest® score and the annualized change in LLACS

Subgroup Cutoff for categorization n FibroTest® score Interaction Post-hoc comparison

</=cutoff F p value p value Mean difference (95% Cl) p value
Age,y
60 32/118 105 0.001 0.76 —135(—3551t0 138) 048
67 (median) 74/76 103 0.002 0.11 —83(-3011t0318) 0.59
Gender
Female / male 34/116 109 0.001 0.74 —77 (=345t0 1101) 0.75
BMI, kg/m’
250 31/119 11.5 0.0009 0.011 193 (— 138 to 589) 027
28.7 (median) 75/75 120 0.0007 032 —88.5 (—44310 133) 048
30.0 90/60 1.9 0.0007 0.54 —735(-602to0 157) 057
Diabetes duration, y
10 41/109 1.9 0.0007 0.96 —124(-411t0 188) 0.44
14 (median) 67/83 1.7 0.0008 035 —129 (—469 to 82) 0.34
20 99/51 120 0.0007 0.81 —182 (=826 1o 50) 0.18
Beta-blocker users
No/yes 53/97 8.1 0.005 0.23 —309 (-576to —101) 0.05
eGFR, mL/min/1.73 m’
60 40/110 1.3 0.001 0.62 50 (—234to 355) 0.74
77 (median) 73/77 10.8 0.001 0.59 40 (=192 to 390) 0.78
90 119/31 104 0.002 0.35 264 (75t0519) 013
Albuminuria, mg/mmol creat
3 86/62 10.2 0.001 0.80 —188 (=596 to 49) 0.18
2.3 (median) 74/74 103 0.001 0.81 —164 (—509 to 106) 0.26
30 131/17 1.3 0.001 0.79 —18 (=466 to 383) 0.99

F represents the F-statistic value for the FibroTest® score in the one-way ANCOVA using the annualized change in LLACS as dependent variable and the categorical
variable as fixed factor. The test for interaction evaluates whether the relationships between the FibroTest® score and the annualized change in LLACS are similar in
each subgroup. The mean difference between subgroups is based on the median of the bootstrap distribution. BMI, body mass index; Cl, confidence interval; eGFR,

estimated glomerular filtration rate

=868 [199-1538], p=0.011) [20]. Lastly, the FibroTest’
score remained independently associated with the annu-
alized change in LLACS in a fully-adjusted multivariate
model combining baseline LLACS, all variables included
models 1, 2, and 3, and medications known to modulate
cardiovascular risk and/or lower limb arterial calcifica-
tion in patients with lower extremity artery disease [23—
25] (Model 4, =841 [114-1567], p=0.024). Unlike the
FibroTest® score, the AST-to-ALT ratio did not remain

significantly associated with the annualized change in
LLACS regardless the multivariate model considered
(e.g., P=1096, p=0.35 in the fully-adjusted model 4). In
all multivariate models, baseline LLACS was strongly and
independently associated with the annualized change in
LLACS (p<0.0001).

As complementary multivariate analysis, we conducted
a principal component regression, with a principal com-
ponent analysis as a first step to identify predictors of the
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Variables Without adjustment for LLACS (log) at baseline With adjustment for LLACS (log) at
baseline

B coefficient [95% Cl] p value B coefficient [95% Cl] p value
Model 1
FibroTest® score 1000 [263 to 1738] 0.008 798 [125to 1471] 0.020
Age 102 [-109t0 31.2] 0.34 —-235[-219t0 17.2] 0.82
Albuminuria (log) 60.6 [- 153 to 274] 0.56 227 [-172t0 217] 0.82
eGFR —-0.011[-9.5t09.5] 0.99 0.45[-8.17t09.10] 0.92
Model 2
FibroTest® score 1270 [503 to 2038] 0.001 988 [284 to 1692] 0.006
HDL-cholesterolemia (log) 651 [-367 to 1669] 0.21 457 [-469 to 1384] 0.33
Total cholesterolemia -92.8[-259t0 73] 0.27 —57.1[-208 t0 94.2] 0.46
Smoking (active or past) —194 [-503to 116] 0.22 —161[-442to 121] 0.26
Diabetes duration 7.78 [-8.18 t0 23.8] 0.34 8.71[-5.781t023.2] 0.24
Hypertension —164 [-577 to 249] 044 —93.0 [-469 to 283] 0.63
Age 3.95[-1481t0227] 0.68 —8.28[-25.91t09.30] 0.35
Model 3
FibroTest® score 1100 [371 to 1828] 0.003 868 [199 to 1538] 0.011
Triglyceridemia (log) —429[-1310t0 452] 0.34 —151[-961 to 659] 0.71
Peripheral neuropathy —75.8[-38610234] 0.63 —70.0 [-962 to 659] 0.63
Age 9.28 [-8.89 to 27.4] 0.31 —2.87[-20.0to0 14.3] 0.74
Model 4
FibroTest® score 1121 [289 to 1954] 0.008 841[114to 1567] 0.024
Beta-blocker use 356[1.37 to 710] 0.049 259 [-50 to 568] 0.10
Hypertension —418[-942 to 105] 0.12 —333[-788t0 122] 0.15
Diabetes duration 11.0 [-6.1t0 28.1] 0.20 10.2 [-4.7 t0 25.0] 0.18
ARB or ACEi use 256 [-203 to 716] 0.27 85 [-317 to 487] 0.67
HDL-cholesterolemia (log) 675[-417 to 1768] 0.22 804 [— 144 to 1753] 0.10
Smoking (active or past) —201 [-522to 121] 0.22 —-318[-599to —37] 0.027
Antiplatelet use 122 [-301 to 546] 0.57 —328[-719to0 63] 0.10
Age 6.2 [-16.0t0 29.0] 0.59 —88[-29.1t0114] 039
Total cholesterolemia —40.1 [-222 to 142] 0.66 —55[-164to 153] 0.95
Metformin use 97.3 [-282t0477] 0.61 130 [-200 to 459] 044
eGFR 12[-881t0 11.1] 0.82 1.99 [-6.67 to 10.6] 0.65
Albuminuria (log) 35.7 [-190 to 262] 0.76 64.5[-132t0 261] 0.52
Statin use —15.1 [-540t0 510] 0.95 —126 [-582 to 330] 0.59
Model 5
FibroTest® score 1029 [289 to 1768] 0.007 850 [150 to 1550] 0.017
Age 8.7 [-126t0299] 042 -20[-2111t017.1] 0.71
Diabetes duration 8.0[-841t0244] 0.34 79[-6.61t0225] 0.75
Albuminuria (log) 48.7 [- 166 to 264] 0.66 30.8 [~ 159 to 221] 0.84
eGFR 0.52[-9.0to 10.1] 091 1.58 [-6.88t0 10.1] 0.28

The model 1 included all quantitative variables significantly associated with the annualized change in LLACS in univariate regression after Benjamini-Hochberg
correction (see Table 2). The model 2 included baseline risk factors for lower extremity artery disease according to European Society of Cardiology guidelines [23].
The model 3 incorporated variables previously identified in patients with T2D as being associated with lower limb arterial calcification in prior studies [9, 20]. The
fully-adjusted model 4 corresponded to models 2+ 3 +4+ medications known to modulate cardiovascular risk and/or lower limb arterial calcification in patients
with lower extremity artery disease [23-25]. The model 5 included the variables selected using principal component regression (see Fig. 1). P-values in bold indicate
statistical significance. ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blockers; Cl, confidence interval; eGFR, estimated glomerular

filtration rate; LLACS, lower limb arterial calcification score

annualized change in LLACS among all the quantitative
variables reported in Table 2. The parallel analysis led to
the selection of six principal components, cumulatively
representing 68% of the total variance. Figure 1 illus-
trates the loading plot of the two main principal compo-
nents. Principal component regression revealed that the

following six variables were significantly associated with
the annualized change in LLACS: LLACS at baseline
(p<0.0001), FibroTest® score (p<0.0001), age (p=0.001),
diabetes duration (p=0.03), eGFR (p=0.003), and albu-
minuria (p=0.002). Subsequent multiple linear regres-
sion analysis, incorporating these six variables, showed
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Fig. 1 Loading plot of the principal component analysis. The six underlined variables are those selected by the parallel analysis for the principal com-
ponent regression. ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; DBP, diastolic blood pressure; eGFR, estimated
glomerular filtration rate; GGT, gamma glutamyltranspeptidase; LLACS, lower limb arterial calcification score; SBP, systolic blood pressure; TG, triglycerides
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Fig. 2 Random Forest (A) and XGBoost (B) importance plots for predicting annualized changes in LLACS. Only the top four-five variables by importance
that are predictive of LLACS progression are reported. eGFR, estimated glomerular filtration rate; LLACS, lower limb arterial calcification score

that the FibroTest® score was independently associated
with the annualized change in LLACS, even after adjust-
ing for baseline LLACS (Model 5 in Table 5, =850 [150—
1550], p=0.017).

In our investigation to validate the relationship
between the FibroTest® score and LLACS progression,
two advanced machine learning models (namely, Ran-
dom Forest and XGBoost) were employed considering all
variables used in the five models shown in Table 4. Both
machine learning models demonstrated robust predictive
capabilities, with R? scores of 0.723 and 0.709, respec-
tively, indicating that they could explain more than 70%

of the variance in annualized change in LLACS. The
mean squared errors were 250 and 238 for the Random
Forest and XGBoost, respectively, underscoring the accu-
racy of both models in predicting annualized change in
LLACS. As shown in Fig. 2, the feature importance analy-
sis revealed that the FibroTest® score emerged as the sec-
ond most important predictor in both machine learning
models, following baseline LLACS.
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Preliminary study exploring the pathophysiological links
between FibroTest® and LLACS progression

Insulin resistance, sphingolipids, hepatokines, and
inflammation have been demonstrated to be involved
in the pathogenesis of both MASLD and vascular calci-
fication [26-28]. Therefore, we hypothesized that they
could be potentially implied in the relationship between
FibroTest® and LLACS progression. We measured plasma
circulating sphingolipids, serum fetuin A (a hepatokine),
high-sensitivity C-reactive protein, interleukin 6, and
calculated insulin resistance indexes (TyG index and
HOMA-IR). In the univariate analysis, only the sphingo-
myelins d18:1/18:0, d18:1/22:0, and d18:1/24:0 were sig-
nificantly associated with both the annualized change in
LLACS and the FibroTest® score after applying the Ben-
jamini—Hochberg correction (Additional file 2). We sub-
sequently performed a machine learning EBIC-LASSO
analysis with all these variables to assess the inter-
relationship between these biomarkers, the annualized
change in LLACS, and the FibroTest® score. As shown in
the network plot (Additional file 3), none of these bio-
markers appeared in the same cluster as the annualized
change in LLACS and the FibroTest® score. In addition,
introducing one to one these biomarkers in our multi-
variate models did not suppress the independent rela-
tionship between the FibroTest® score and the annualized
change in LLACS (data not shown).

Since the relationship between MASLD and incident
PAD has been shown to be BMI-dependent [16], we
aimed to assess the impact of BMI on the association
between the FibroTest® score and the annualized change
in LLACS. The study population was grouped according
to BMI<25 (n=31) or>25 kg/m? (n=119), BMI<28.7
or>28.7 (median) kg/m? (n=75 in each subgroup), and
BMI <30 (n=90) or>30 kg/m? (n=60). Using ANCOVA
analysis, the FibroTest® score remained associated with
the annualized change in LLACS after adjustment for
age, diabetes duration, eGFR and albuminuria, inde-
pendently of the BMI category (p=0.007, p=0.006, and
p=0.006 for BMI thresholds of 25, 28.7, and 30 kg/m?
respectively). Furthermore, none of the BMI categories
significantly modified the strength of the association
between the FibroTest® score and the annualized change
in LLACS after adjusting for the aforementioned covari-
ates (p for interaction=0.09, 0.47, and 0.70 for BMI
thresholds of 25, 28.7, and 30 kg/m?, respectively).

Discussion

The present study is the first to demonstrate an indepen-
dent association between a non-invasive liver fibrosis
test, namely the FibroTest®, and the progression of lower
limb arterial calcification over a mean period of 2.5 years
in 150 people with T2D. Interestingly, this association
was independent of the traditional risk factors for PAD
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progression, including age, hypertension, diabetes dura-
tion, smoking, and dyslipidemia. The FibroTest® was also
associated with LLACS progression independently of fac-
tors driving arterial calcification, such as baseline arte-
rial calcification, age, sex, neuropathy, triglycerides and
statin use. Machine learning approaches also validated
the prominent role of FibroTest® score in the prediction
of LLACS progression. Our findings are of particular
clinical significance due to the pivotal role of lower limb
arterial calcification in PAD development and foot com-
plications [29].

Previous studies have demonstrated that liver fibrosis is
linked to atherosclerotic cardiovascular events [30-33].
In recent years, there has been growing interest in the
use of liver fibrosis biomarkers to assess cardiovascular
risk. A FibroTest® stage>F2 was an independent predic-
tor of cardiovascular events in 900 patients with T2D
[34]. Non-invasive tests of liver fibrosis including the
FibroTest® have been shown to be linked to coronary
calcification and its progression [35—38]. Vascular calci-
fication is implicated in diseases affecting coronary and
carotid arteries but also in PAD [39]. Coronary arterial
calcification and calcification of the arteries of the lower
limbs share common pathophysiological mechanisms,
but they also have their own specificities, so that it is
not possible to generalize data from coronary arteries to
the arteries of the legs. Our study aimed to determine
factors associated with calcification progression in the
below-knee arteries. Arterial calcification in this location
is mainly medial artery calcification rather than intima
calcification, which is more commonly observed in
larger arteries like coronary, carotid and proximal lower
limb arteries [8, 40]. We can therefore consider than our
study is the first to investigate the relationship between
MASLD biomarkers and the progression of medial artery
calcification.

Our study highlights that, unlike steatosis and steato-
hepatitis, liver fibrosis may be strongly associated with
lower limb arterial calcification in patients with T2D,
and the more severe the fibrosis, the more the LLACS
increases during follow-up. One hypothesis that could
explain why there was only an association between lower
limb arterial calcification and the FibroTest® among the
four FibroMax® panels is that liver fibrosis is the final
stage of liver disease, signifying an extended progression
of lipotoxicity and both hepatic and systemic inflamma-
tion. This hypothesis is supported by the observation that
advanced FibroTest® stages are associated with the high-
est values of LLACS progression.

We aimed to explore the pathophysiological links
between FibroTest® and LLACS progression. Insulin resis-
tance and inflammation are involved in the pathophysiol-
ogy of both liver fibrosis and arterial calcification [26, 39,
41]. In addition, sphingolipids have been demonstrated
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to be linked to MASLD and, with a lesser degree of evi-
dence, to vascular calcification [22, 27, 42—-44]. Lastly,
dysregulated secretion of hepatokines in MASLD plays
a role in pathways related to vascular diseases [45], and
fetuin A has been shown to inhibit vascular calcification
[46]. However, our network analysis suggested that insu-
lin resistance, inflammation, circulating sphingolipids
and fetuin A may not play a significant role in mediating
the relationship between FibroTest® and LLACS progres-
sion. In fact, plasma sphingolipids have been demon-
strated to be primarily linked to liver steatosis rather than
liver fibrosis in T2D patients [22, 42]. Further investiga-
tions, including in vitro and in vivo mechanical stud-
ies are required to identify potential pathophysiological
variables that could explain the association between liver
fibrosis and progression in lower limb arterial calcifica-
tion in patients with T2D.

The growing interest in arterial calcifications of the
lower limbs in recent years stems from two observations
in patients with severe PAD and diabetes [39]. Firstly, in
the arteries below the knee, unlike the coronary arterial
bed, atheromatous lesions are very rare, unlike medial
arterial calcifications, which are very prevalent [8]. Sec-
ondly, chronic arterial thrombosis is strongly associated
with these areas of arterial calcification, independently
of the presence of atheromatous lesions [8]. These points
could explain why, in the lower limbs, arterial calcifica-
tion is strongly associated with arterial occlusion. Finally,
the pathophysiology of arterial disease seems to differ
between the arterial bed below the knee and the coro-
nary arterial bed, where an increase in vascular calcifica-
tion does not necessarily mean a worsening of vascular
disease and may even reflect a stabilization of plaque.
Indeed, atheroprotective statin therapy has been shown
to be associated with increased progression of coronary
artery calcification, whereas no association was observed
between statin use and LLACS in the present study. A
better understanding of the pathophysiology of arterial
calcification and determination of the factors associated
with its progression are therefore necessary to develop a
specific treatment for arterial calcification of the lower
limbs.

Our study has some limitations to underline. Firstly,
our assessment of MASLD severity relied on serum bio-
markers rather than histological evaluation of liver biop-
sies. However, the diagnostic accuracy of FibroTest® has
been deemed satisfactory when compared to histological
findings in individuals with T2D [47-49], establishing it
as a non-invasive test recommended by clinical guide-
lines to rule out advanced fibrosis in MASLD patients
[50, 51]. Additionally, liver stiffness measurement using
imaging techniques was not performed. Nevertheless,
previous studies have shown that the diagnosis perfor-
mance of FibroTest® for fibrosis staging is comparable
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to that of liver stiffness measurement by vibration-con-
trolled transient elastography or two-dimensional shear-
wave elastography [47, 52-54]. Secondly, we could not
compare the results obtained with FibroTest® to the non-
patented tests FIB-4 (Fibrosis-4 index) or NAFLD fibrosis
score since we did not collect platelet counts. Interest-
ingly, a recent observation indicates that the FibroTest®
outperforms FIB-4 in patients with T2D for diagnosing
advanced fibrosis, suggesting that FibroTest” may hold
particular significance in the future management of
patients with T2D [49].

Conclusions

Our study is the first to present evidence of the indepen-
dent relationship of a non-invasive test of liver fibrosis
for the progression of lower limb arterial calcification in
patients with T2D. Consequently, beyond its interest for
the assessment of liver fibrosis in MASLD, the FibroTest®
could be a valuable and easy-to-use biomarker to assess
the risk of worsening lower limb arterial calcification.
Further studies are needed to assess the relationship
between FibroTest® and severe lower limb complications
in patients with T2D, such as symptomatic PAD, lower
limb amputations and arterial revascularization.
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