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Abstract

Background & aims

In patients at metabolic risk, nonalcoholic fatty liver disease is a strong and highly prevalent
predictor for type 2 diabetes. Its assessment in clinical practice is not easy but the fatty liver
index (FLI) could be used as a surrogate. Here, we studied the association between the FLI
and the conversion to new-onset diabetes (NOD) or prediabetes reversion in patients with
prediabetes.

Methods

The IT-DIAB observational study included 389 individuals with prediabetes, defined as fast-
ing plasma glucose (FPG) between 110 and 125 mg/dL. NOD conversion was defined as a
first FPG value > 126 mg/dL and prediabetes reversion as a first FPG value < 110 mg/dL.
The associations of both events with baseline FLI were studied separately using multivariate
Cox models.

Results

After a median follow-up of 3.9 years (range 0.1-6.1), 138 individuals (35.5%) converted to
NOD. FLI was associated with a higher risk of NOD conversion (unadjusted HR per SD =
1.54, 952,Cl 1.27—1.86, p<0.0001), even after multiple adjustment on FPG, HbA ;. and diabe-
tes risk score (adjusted HR per SD 1.31, ¢5-,Cl 1.07—1.61, p = 0.008). FLI was also associ-
ated with prediabetes reversion: adjusted HR per SD = 0.85, ¢5¢,Cl 0.75-0.96, p = 0.0077.
Changes in FLI were significantly associated with changes in FPG during follow-up
(p<0.0001). When compared to a full model including the diabetes risk score, FPG, HbA,c
and FLI, only HbA ¢ added a significant prediction information (AUROC: 72.8% for full
model vs 69.4% for the model without HbA; p = 0.028), while the removal of FLI to the full
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model did not alter its predictive value (AUROC 72.2%). The predictive value for NOD con-
version was not significantly better for HOMA-IR compared to FLI (AUROC: 69.3 vs 63.7%,
p = 0.067).

Conclusions

FLIis a simple, practical score to further stratify the risk of conversion to NOD or the possibil-
ity of prediabetes reversion in clinical practice, independently of classical glucose
parameters.

Trial registration
ClincialTrials.gov number NCT01218061 and NCT01432509.

Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most common liver disease worldwide. It has
been estimated that about 25% of adults in the United States and Europe are affected by
NAFLD [1]. The epidemiology of NAFLD parallels the pandemic of obesity since NAFLD is
strongly associated with visceral obesity and the metabolic syndrome (MetS) [2]. In a recent
meta-analysis, more than 50% (51.3%) of individuals with NAFLD are overweight or obese
and around a quarter (22.5%) have a diagnosis of type 2 diabetes (T2D) [3]. Thus, NAFLD can
be considered as the hepatic feature of the MetS.

NAFLD and the MetS share some common pathophysiological pathways [2]. Hepatic insu-
lin resistance leads to an increase in hepatic glucose production, de novo lipogenesis and
hepatic production of triglyceride (TG)-rich VLDL particles. Peripheral insulin resistance in
adipose tissue promotes lipolysis and the release of free fatty acids (FFA) in the bloodstream
that are taken up by the liver to promote hepatic steatosis [4]. Liver fat is increased in people
with MetS compared with those without, and all components of the MetS are significantly cor-
related with liver fat content [5]. Importantly, concordant observational studies suggest that
NAFLD is a predictor of metabolic diseases, such as T2D [6]. For instance, a study has demon-
strated that liver steatosis assessed by abdominal ultrasonography predicts NOD indepen-
dently of all markers of the MetS [7]. Beyond T2D, consistent studies have shown that NAFLD
is also an independent risk factor for cardiovascular diseases [8].

There is a growing need for a wide screening for NAFLD in patients at metabolic risk in
order to promote an individualized life style management and an early detection of metabolic
complications. Due to the high prevalence of NAFLD in the general population, a simple sur-
rogate marker to screen for NAFLD in clinical practice is warranted. The FLI is a simple index
constructed using measures of TG, gamma glutamyl-transferase (GGT), body mass index
(BMI) and waist circumference [9]. FLI has been shown to be an accurate surrogate marker of
hepatic steatosis in Asian and Western populations [10,11]. FLI correlates with insulin resis-
tance [12] and was recently shown to predict NOD in subjects with prediabetes in Asian
[13,14] and in European populations [15].

Here, we aimed to determine the clinical interest of using FLI to predict NOD conversion,
but also prediabetes reversion, in individuals with prediabetes in the 5-year longitudinal
IT-DIAB study. We also investigated whether the changes in FLI are associated to changes in
FPG in this non-interventional study.
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Materials and methods
Study population

The IT-DIAB study, including Therapeutic Innovation in Type 2 DIABetes (NCT01218061)
and DiabeNord (NCT01432509) trials, was designed to identify new biomarkers of T2D risk
in a population with prediabetes. It is a 5-year, prospective, observational study carried out in
occupational centres based in three French cities: Nantes, Saint-Nazaire and Lille. From June
2010 to February 2013, we included 430 patients aged 18 and over presenting with impaired
fasting glucose (IFG) defined as FPG >110 and <126 mg/dL.

Main non-inclusion criteria were a history of treatment with oral anti-diabetic agent or
insulin (except for gestational diabetes), severe coagulation disorders or thrombocytopenia,
severe renal insufficiency (defined using MDRD equation as eGFR<30 mL/min.1.73m?),
severe liver impairment (prothrombin ratio <50%), severe psychiatric disorders, alcohol abuse
estimated >30 g/day, patient’s opposition or inability to follow the study at least 5 years.

Data collection

At baseline, all patients underwent medical examination, and fasting blood sample was taken
for biological analysis and the constitution of a biocollection. The medical examination
included a standard questionnaire (lifestyle, alcohol and smoking habits, occupation, diabetes
risk score [16], current medication) and anthropometric measurements (weight, height, waist
and hip circumferences, systolic/diastolic blood pressure). Biological analyses were performed
in certified medical analyses laboratories and included FPG, HbA,, lipid profile (total choles-
terol, TG and HDL-C, the LDL-C being calculated using Friedewald’s formula), liver profile
(AST, ALT, GGT) and creatinine. This process was repeated every year.

Also, insulin was determined centrally (CHU Nantes) from frozen heparinized plasma col-
lected in the centres of IT-DIAB trial (Nantes and Saint-Nazaire) using Cobas e automated
clinical analyzer system (Roche Diagnostics, Meylan, France) by electrochemiluminescent
enzyme immunoassay (ECLIA). Likewise, plasma high molecular weight adiponectin levels
were centrally (CHU Nantes) measured by ECLIA on an automated clinical analyzer system
Lumipulse G600 (Fujirebio, Les Ulis, France).

Patients’ follow-up was originally planned for 5 years or until the conversion to NOD,
introduction of an oral anti-diabetic agent or insulin therapy before diabetes occurrence, bar-
iatric surgery, patient withdrawal or lost from sight or death.

Primary outcomes definition and other parameters of interest

The primary outcome was the conversion to NOD, defined by a first FPG value >126 mg/dL
and/or 2H-glycemia >200 mg/dL during OGTT (Oral Glucose Tolerance Test), whichever
came first. For the purpose of sensitivity analyses, we defined “confirmed NOD conversion” as
a NOD conversion confirmed by a second FPG value >126 mg/dL before 1 year. Prediabetes
reversion was defined as a first FPG value <110 mg/dL. The FLI was calculated using the for-
mula proposed by Bedogni based on BMI, waist circumference, TG and GGT [9]. HOMA-IR
(Homeostasis model assessment of insulin resistance) was defined according to the equation
proposed by Matthews et al [17]. MetS was defined according to IDF (International Diabetes
Federation) consensus statement [18].

Informed consent/ethic committee and authors approval

The IT-DIAB study protocol was approved by the Ethic Committee of Tours University Hos-
pital (CPP “Ouest I”, approval n°2010-S2); the DiabeNord study protocol was approved by the
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Ethic Committee of Amiens University Hospital (CPP “Nord-Ouest II”, approval n°2011/24).
All patients received oral information by the investigators and signed an informed consent
before any study procedure.

All the co-authors had access to the study data and reviewed and approved the final
manuscript.

Statistical analyses

Data analyses were restricted to the population with available FLI data at baseline and at least
one follow-up visit. We described the study population according to the diabetes status at the
end of follow-up (conversion to NOD or not) using classical description parameters (popula-
tion size (%), mean + standard deviations or median (25"-75% percentiles), according to the
distribution). For proportions, 95% confidence intervals (95% CI) were assessed using the Wil-
son score method. The Kaplan-Meier survival curves for conversion to NOD were presented
according to FLI value using 30 and 60 as thresholds [10]. Their association was then studied
using multivariate Cox model adjusted on age, sex, diabetes risk score, the presence of hyper-
tension, the use of statin therapy, and baseline FPG and HbA, ., before and after a stepwise
selection process using a p-value threshold = 0.05. Multivariate fractional polynomial degree 2
models were tested (model selection threshold = 0.20) to account for the possibility of non-lin-
ear relationships. The study of the association between FLI and prediabetes reversion was con-
ducted likewise.

We performed different sensitivity analyses: (i) To compare FLI and HOMA-IR, the same
Cox models were built in the subsample with available HOMA-IR values at baseline; (ii) To
define conversion to NOD according to the American Diabetes Association (ADA) classifica-
tion [19], we performed Cox analyses after the exclusion of the population with baseline
HbA,. >6.5%, and added this criterion in the definition of conversion to NODj (iii) lastly, we
repeated the same analysis process considering confirmed NOD conversion as the primary
outcome.

All analyses were performed using R software (version 3.5, “R core group”, Vienna) with
the packages ggplot2 and mfp. A p-value <0.05 was deemed statistically significant.

Results
IT-DIAB population and follow-up

The flow chart of the study was shown in Fig 1. In the original 430 individuals with IFG
included in the IT-DIAB study, 30 patients (7%) never showed up for follow-up visits and 11
patients (2.6%) had missing baseline FLI value. Therefore, 389 (90.5%) were finally included in
the statistical analyses. Characteristics of IT DIAB participants are detailed in the S1 Table.
The median follow-up was 3.9 years (0.1-6.1 years), during which 138 people (35.5%) con-
verted to NOD.

Conversion to NOD compared to those remaining free of diabetes

Baseline characteristics of the patients according to diabetes status at the end of follow-up are
listed in Table 1. Briefly, compared to those remaining free of diabetes, patients with conver-
sion to NOD during the follow-up had higher BMI, waist circumference and frequency of
MetS (66.4% vs 43.6%). As expected, they also had a higher HOMA-IR and lower adiponectin
levels indicating a more insulin-resistant phenotype. Regarding the lipid profile, subjects with
conversion to NOD had increased TG and reduced HDL-C levels. While liver enzymes (AST,
ALT and GGT) were slightly higher, the FLI was more clearly increased (73.7 vs 59.4) in the
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[ Patients screened (n = 928) ]

Did not fulfill inclusion criteria (n = 498)
« never included »

[ Patients included (n = 430) ]

No follow-up visit (n = 30)
« secondarily excluded »

[ Minimal follow-up (n = 400) ]

Excluded because of missing values for fatty liver index(n = 11)

ﬂcluded in the analyses (n = 389) with, after 5 years of follow-up: \
- 138(35.5%) new onset diabetes
- 251 (64.5%) without new onset diabetes until:

5-year follow-up achievement (n=227)

withdrawals (n=8)

lost to follow-up (n=5)

bariatric surgery (n=4)

death (n=4)

premature beginning of antidiabetic therapy (n=2)

Gestational diabetes (n=1) /

90.5 %
analyzed

N

Fig 1. IT-DIAB study flowchart.
https://doi.org/10.1371/journal.pone.0221524.9001

conversion to NOD group. Similar results, with sometimes more pronounced differences,
were found in the subgroup of patients with confirmed NOD conversion.
Baseline clinical and biological characteristics according to FLI are shown in the S1 Table.

Predicting factors of conversion to NOD

A FLI value <30 was associated with a 19.5% probability (95% CI, 11.3-30.1) of conversion to
NOD, compared to 36.9% (95% CI, 27.6-47.0) for a FLI value 30-59, and 40.7% (95% CI,
33.9-47.7) with FLI >60. The survival curves showing the 3 subsets of population built using
these FLI thresholds pointed for earlier conversion to NOD associated with highest FLI values:
5 conversions to NOD (6.5%) after 1 year of follow-up for the group with FLI < 30, 10 (9.7%)
for the group with FLI 30-59 and 43 (21%) for the group with FLI > 60 (Fig 2A).

Clinical and biological variables associated with conversion to NOD using univariate Cox
models are detailed in Table 2. Briefly, diabetes risk score, BMI, waist circumference, MetS,
AST concentration, FLI and HOMA-IR were positively associated with conversion to NOD.

In multivariate Cox models, after stepwise selection, the factors associated with the risk of
conversion to NOD were the Diabetes risk score (HR per SD = 1.31, 1.07-1.60), FPG (HR per
SD =1.46, 1.23-1.74), HbAc (HR per SD = 1.52, 1.25-1.84), and FLI (HR per SD = 1.31,
1.07-1.61) (Table 3).

The multivariate polynomial approach did not highlight significant non-linear relationship
between the above factors and the risk of conversion to NOD. Also, no significant interactions
were found between these factors in the different models. Particularly, no interaction was
found between FLI and gender (p = 0.35).

As a next step, we performed comparisons of ROC curves for NOD conversion using differ-
ent prediction models to estimate the added predictive power of each factor (S1 Fig). We
defined a full model including the diabetes risk score, FPG, HbA ¢ and FLI and observed the
result of the independent removal of all the 4 components. It appears that only HbAc added a
significant prediction information (AUROC: 72.8% for full model vs 69.4% for the model
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Table 1. Baseline characteristics of the IT-DIAB population (n = 389) according to the final status for conversion to new onset diabetes.

No new onset diabetes

Conversion to new onset diabetes

Confirmed conversion to new onset diabetes

n =251 n=138 (n=41)
Clinical

Women 71 (28.3%) 46 (33.3%) 13 (31.7%)

Age (years) 58.4 +£10.3 57.6 + 8.8 57.9+9.3

Diabetes Risk Score 13.3+4.6 15.7+ 4.0 16.9 +3.6

Body mass index (kg/m?) 28.4+52 31.2+6.0 33.0+7.2
Waist circumference (cm) 96.8 +13.2 102.8 +14.3 106.4 + 14.9
Hip circumference (cm) 101.8 + 10.0 107.3 + 14.7 1105+ 17.9
Waist/Hip ratio 0.95 £ 0.09 0.96 £ 0.09 0.97 £ 0.09
Hypertension 96 (38.4%) 62 (44.9%) 19 (46.3%)

Metabolic syndrome"

109 (43.6%)

91 (66.4%)

30 (73.2%)

Statin therapy 60 (23.9%) 35 (25.4%) 12 (29.3%)
Biological (fasting)
Glucose homeostasis
Plasma glucose (mg/dL) 115 (112-119) 117 (113-121) 120 (114-123)
HbAlc (%) 58+04 6.0£0.4 59+04
HbA, . (mmol/mol) 39.4+4.2 41.7+4.6 40.6 +4.0
Fasting serum insulin (mUI/L) 12.2+8.1 173+ 10 17.0 +10.0
HOMA-IR 3.42+2.41 5.08 £2.92 494 +2.83
HMW-Adiponectin (ug/mL) 3.94 £2.30 3.29+1.93 3.40 £ 1.53
Liver enzymes
AST (UI/L) 21.7+79 252+114 28.1+15.2
ALT (UI/L) 30.1+£17.2 34.1 £ 20.1 38.4+27.4
GGT (UI/L) 45.0 £42.7 46.1 = 35.0 52.6 £ 38
Lipid profile
Total cholesterol (mg/dL) 215.5 +37.8 213.3 £40.3 206 +41.3
Triglycerides (mg/dL) 126.2 +76.8 144.5 +75.6 144.8 + 74.1
LDL-C (mg/dL) 135.6 + 35 134.3 + 35.1 126.8 +37.3
HDL-C (mg/dL) 54.6 £ 15.6 50.3 £ 12.6 50.0 £ 15.0
Non-HDL-C (mg/dL) 160.9 + 40.1 162.5 + 38.7 156 +41.6
Fatty liver index
Raw value 59.4 (30.7-79.9) 73.7 (47.4-93.2) 83.6 (59.9-95.2)

<30 62 (24.7%) 15 (10.9%) 2 (4.9%)
30-59 65 (25.9%) 38 (27.5%) 9 (22%)
> 60 124 (49.4%) 85 (61.6%) 30 (73.2%)

" According to the International Diabetes Federation consensus statement.

HOMA-IR: Homeostasis model assessment of insulin resistance; HMW: High Molecular Weight

https://doi.org/10.1371/journal.pone.0221524.t001

without HbA; p = 0.028), while the AUROC of the models deprived of diabetes Risk Score,
FPG and FLI were not significantly different from the full model (AUROC 71.2, 70.3 and
72.2%, respectively).

The sensitivity analyses using the confirmed NOD conversion as the outcome of interest
also showed significant associations between FLI and confirmed NOD conversion in multivar-
iate Cox models (adjusted HR per 1 SD of FLI = 1.62 [1.08; 2.43], p-value = 0.020) (S2 Table).
However, the sensitivity analyses including the HbA . criterion in the definition of NOD
showed only a not statistically significant trend for the association between FLI and NOD con-
version (adjusted HR per SD of FLI = 1.23 [0.99; 1.51], p-value = 0.058).
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Survival probabilty

Strata

A Survival curves for conversion to new onset diabetes according to fatty liver index (FLI)

Log-rank
p=0.006

Number at risk
77
103
209

Strata

74
96
190

FLI<30, 19% events (15777)

B Survival curves for prediabetes reversion according to fatty liver index

FLI30-59, 37% events (38/103) — FLI> 50, 41% events (857200 Strata — FLI<30,81% events (6277) — FLI30-50, 69% events (71/103) — FLI> 50, 85% events (1357209)

Survival probability

Log-rank
p=0.0037

Time since baseline (years) Time since baseline (years)

66
84
152

Number at risk
55 47 28 s 77 56 19 9 6

67 52 27 g 103 84 41 28 13
17 88 49 O - 209 166 92 45 23

" oo

Fig 2. Survival curves according to fatty liver index: conversion to new onset diabetes (A) and prediabetes reversion (B).

https://doi.org/10.1371/journal.pone.0221524.9g002

Comparison of FLI and HOMA-IR as predictors of conversion to NOD

In the subset with available dosages of fasting insulin (n = 275), FLI and HOMA-IR were
strongly correlated at baseline (corr = 0.65; p <0.0001) (S2 Fig). The Cox model including dia-
betes risk score, FPG, HbA ¢, FLI and HOMA-IR showed neither significant association with
conversion to NOD for HOMA-IR (HR per SD = 1.14, 95% CI 0.93-1.40), nor for FLI (HR
per SD = 1.27, 95% CI 0.96-1.68). However, after the removal of FLI from the model,
HOMA-IR reached significance to predict NOD conversion (HR per SD = 1.26, 95% CI 1.07-
1.49). When comparing the ROC curves of HOMA-IR and FLI for the detection of the event «
NOD » during follow-up, the AUC associated with HOMA-IR was substantially, but not sig-
nificantly, higher (AUC 69.3% vs. 63.7%, p = 0.067) (S3 Fig).

FLI and prediabetes reversion

We also assessed the clinical relevance of FLI for predicting prediabetes reversion. Patients
with FLI <30 had a higher probability of prediabetes reversion compared to those with FLI
30-59 and FLI >60 (log-rank test = 0.0037) (Fig 2B).

The univariate analyses studying prediabetes reversion based on Cox models showed results
mirroring what we found for conversion to NOD: compared to those who did not reverse,
patients with prediabetes reversion had lower diabetes risk score, BMI, a lower prevalence of
MetS, lower FLI, lower FPG, HbA ;. and HOMA-IR (Table 2). In multivariate analyses, FPG,
HbA,c and FLI (HR per SD = 0.85, 95% CI 0.75-0.96) but not the diabetes risk score were
retained in the final model (Table 3).

For sensitivity analyses, when excluding the population who met both prediabetes reversion
and NOD during the follow-up, the results were similar in the subset of 332 individuals (HR
for prediabetes reversion, per 1 SD of FLI = 0.83 [0.72; 0.95]).

Covariation of FLI and FPG during follow-up

At the end of the follow-up, the change of value for FPG and FLI showed significant correla-
tion, with a Pearson’s correlation coefficient = 0.22 (p <0.0001) (Fig 3): a raw increase of 4.5%
for FLI was associated with an increase of 1 mg/dL of FPG.

Discussion

In this study, we confirmed that FLI is a useful and simple clinical biomarker to identify indi-
viduals at risk of developing T2D. Indeed, in patients with IFG, FLI strongly predicted the risk
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Table 2. Baseline characteristics of the population associated with conversion to new onset diabetes and with prediabetes reversion—Univariate Cox model.

Cox model-Univariate analyses
Conversion to new onset diabetes Prediabetes reversion
(138 events/389) (268 events/389)
HR [95% CI] p-value Event/ HR [95% CI] p-value Event/
pop. size pop. size
Clinical characteristics
Age (+1 SD) 0.96 [0.81; 1.13] 0.60 138/389 0.93 [0.82; 1.05] 0.24 268/389
Sex (Women/men) 1.19 [0.83; 1.70] 0.34 138/389 1.08 [0.83; 1.41] 0.57 268/389
Diabetes risk score (+1 SD) 1.50 [1.26; 1.78]*** <0.0001 138/389 0.84 [0.74; 0.95]** 0.0047 268/389
Body mass index (+1 SD) 1.39 [1.22; 1.58]*** <0.0001 138/389 0.81 [0.71; 0.94]** 0.0036 268/389
Waist circumference (+1 SD) <0.0001 138/389 0.29 268/389
For men 1.92 [1.54; 2.40]*** 0.74 [0.62; 0.88]
For women 1.19 [0.97 ; 1.47] 0.85[0.69 ; 1.05]
Hip circumference (+1 SD) 1.37 [1.19; 1.57]*** <0.0001 136/385 0.89 [0.78; 1.01] 0.069 266/385
Waist/hip ratio (+1 SD) 1.21 [1.03; 1.43]* 0.019 136/385 0.82 [0.725 0.92]** 0.0014 266/385
Hypertension (y/n) 1.31 [0.94; 1.83] 0.12 138/388 0.91 [0.71; 1.17] 0.47 267/388
Metabolic syndmme* (y/n) 2.30 [1.61; 3.28]*** <0.0001 137/387 0.73 [0.57; 0.93]** 0.0098 266/387
Statin therapy (y/n) 1.24 [0.84; 1.83] 0.27 138/389 0.80 [0.59; 1.07] 0.13 268/389
Liver associated biomarkers
AST (+1 SD) 1.31 [1.10; 1.56]** 0.0027 89/244 0.98 [0.84; 1.15] 0.81 152/244
ALT (+1 SD) 1.14 [0.99; 1.31] 0.062 138/388 0.95 [0.84; 1.08] 0.42 267/388
GGT (+1 SD) 1.04 [0.89; 1.22] 0.61 138/389 1.13 [0.99; 1.28] 0.068 268/389
Fatty Liver Index (+1 SD) 1.54 [1.27; 1.86]*** <0.0001 138/389 0.84 [0.74; 0.94]** 0.0037 268/389
Other biomarkers
Fasting plasma glucose (+1 SD) 1.49 [1.265 1.77]*** <0.0001 138/389 0.72 [0.63; 0.82]*** <0.0001 268/389
HbA,. (+1 SD) 1.62 [1.35; 1.95]*** <0.0001 135/384 0.76 [0.67; 0.87]*** <0.0001 266/384
Fasting insulin (+1 SD) 1.38 [1.18; 1.61]*** <0.0001 100/275 0.89 [0.77; 1.03] 0.12 210/275
HOMA-IR (+1 SD) 1.42 [1.23; 1.66]*** <0.0001 100/275 0.86 [0.74; 0.99]* 0.042 210/275
HMW-Adiponectin (+1 SD) 0.80 [0.64; 1.01] 0.056 100/276 1.05 [0.92; 1.21] 0.47 210/276
Total cholesterol (+1 SD) 0.90 [0.76; 1.07] 0.23 138/389 1.06 [0.94; 1.19] 0.36 268/389
TG (+1 SD) 1.16 [1.01; 1.33]* 0.037 138/389 0.99 [0.87; 1.12] 0.86 268/389
LDL-C (+1 SD) 0.91 [0.77; 1.08] 0.29 136/384 1.02 [0.90; 1.15] 0.74 263/384
HDL-C (+1 SD) 0.77 [0.65; 0.93]** 0.0063 137/388 1.13 [1.00; 1.27] 0.054 267/388
Non-HDL-C (+1 SD) 0.98 [0.83; 1.16] 0.81 137/388 1.01 [0.90; 1.14] 0.86 267/388

 According to the IDF consensus statement
HOMA-IR: Homeostasis model assessment of insulin resistance; HMW: High Molecular Weight; HR: Hazard-ratio

* p <0.05;
**p<0.01;
*** p < 0.001

https://doi.org/10.1371/journal.pone.0221524.t1002

of conversion to NOD during 5 years of follow-up, independently of traditional risk factors for
diabetes such as age, gender, diabetes risk score, FPG or HbA;c. We also showed for the first
time, to the best of our knowledge, that low baseline FLI value was independently associated
with the prediabetes reversion. Finally, we found that changes in FLI were correlated with
changes in FPG during follow-up.

Previous concordant studies have highlighted the pathophysiological link between NAFLD
and the risk of developing T2D [20]. However, the way to diagnose NAFLD and/or liver stea-
tosis varies between studies. The largest population-based studies used liver enzymes such as
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Table 3. Baseline characteristics of the population associated with conversion to new onset diabetes and with prediabetes reversion, survival approach—Multivari-

ate Cox analysis.

Multivariate Cox analysis

Before selection

After stepwise selection”

HR [95% CI] p-value HR [95% CI] p-value
Study of conversion to new onset diabetes
(135 events/383)
Age (+1 SD) 0.93[0.77; 1.12] 0.43 - -
Sex (Women/men) 0.90 [0.60; 1.34] 0.59 - -
Diabetes risk score (+1 SD) 1.35 [1.08; 1.68]** 0.0081 1.31 [1.07; 1.60]** 0.0089
Hypertension (y/n) 1.00 [0.67; 1.47] 0.98 - -
Statin therapy (y/n) 0.92 [0.61; 1.40] 0.71 - -
Fasting plasma glucose (+1 SD) 1.47 [1.23; 1.75]*** <0.0001 1.46 [1.23; 1.74]*** <0.0001
HbA,. (+1 SD) 1.54 [1.26; 1.88]*** <0.0001 1.52 [1.25; 1.84]*** <0.0001
Fatty Liver Index (+1 SD) 1.28 [1.03; 1.58]* 0.024 1.31 [1.07; 1.61]** 0.008
Before selection After stepwise selection’
Study of prediabetes reversion (265 events/383) HR [95% CI] p-value HR [95% CI] p-value
Age (+18D) 0.93 [0.81; 1.06] 0.29 - -
Sex (Women/men) 1.22 [0.91; 1.65] 0.19 - -
Diabetes risk score (+1 SD) 0.88 [0.76; 1.03] 0.11 - -
Hypertension (y/n) 1.13 [0.85; 1.51] 0.40 - -
Statin therapy (y/n) 1.02 [0.74; 1.41] 0.89 - -
Fasting plasma glucose (+1 SD) 0.75 [0.66; 0.86]"** <0.0001 0.75 [0.66; 0.86]** <0.0001
HbA,. (+1SD) 0.79 [0.68; 0.90]"*** 0.00063 0.79 [0.69; 0.90]** 0.0003
Fatty Liver Index (+1 SD) 0.89 [0.77; 1.03] 0.11 0.85 [0.75;5 0.96]** 0.0077

Considered candidates for multivariate adjusted Cox model were defined as follows: baseline fasting plasma glucose and Fatty liver index were “forced” in the model;

age, sex, diabetes risk score, hypertension, statin therapy, HbA,. were candidates. Multivariate Fractional Polynomial approach was also considered, but no polynomial

transformation was proposed for a threshold selection value = 0.20

*p <0.05;
p<0.01;
4 p <0001

https://doi.org/10.1371/journal.pone.0221524.t1003
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Fig 3. Covariation of fatty liver index and fasting plasma glucose between baseline and final visit.

https://doi.org/10.1371/journal.pone.0221524.9003
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aminotransferase (ALT) or GGT as surrogate markers of NAFLD [21-23] and other study
assessed ultrasound-diagnosed NAFLD as determinant of NOD [24]. For instance, ALT pre-
dicts the risk of conversion to NOD after 20-year of follow-up in the Framingham Offspring
Heart Study after adjustment for several risk factors, even when considering ALT values within
the normal ranges [21].

FLI could be a suitable marker of NAFLD in clinical practice since it only requires simple
anthropometric (BMI and waist circumference) and biochemical (TG and GGT) measures. It
is noteworthy that previous studies have demonstrated that FLI is a good predictor of conver-
sion to NOD both in the general population [25,26] and more recently in patients with predia-
betes in Japanese [14] and Spanish [15] cohorts, with rather concordant results between the
latter study and our current findings, as far as sampling and confounding parameters choice
are taken into account. However, the population of IT-DIAB was apparently at greater risk for
diabetes, as about 35% of subjects converted to NOD during follow-up compared to 6.0 to
10.3% in the Japanese cohort [14] and 9.4% in the PREDAPS study [15]. This difference could
be potentially explained by the much lower values for BMI (median 23.6 kg/m?, vs. 28.1 in
IT-DIAB) and waist circumference (median 85 cm vs. 98 in IT-DIAB) in the Japanese cohort
even if ethnicity comparisons must be taken with great caution. Due to the design of the
IT-DIAB study, with a longitudinal follow-up including annual anthropometric and biochemi-
cal parameters, we were able to draw survival curves (Fig 2) and FLI trajectories according to
NOD progression (54 Fig). The latter visually suggested an increase in FLI values in the 2 years
preceding conversion to NOD. From a clinical perspective, patients who had both IFG and
FLI > 60% had an annual average risk of more than 7% to convert to NOD during the 5-year
follow-up. In addition to FPG and HbA c, FLI is thus useful in patients with prediabetes to
turther identify those most at risk of conversion to NOD in order to initiate primary preven-
tion efforts with aggressive lifestyle management [27]. FLI also presents a special interest as it
is not built on parameters related to glucose, at variance with HOMA-IR or Diabetes Risk
Score which are, by design, associated with a higher probability to cross a higher threshold for
glucose.

A major driver of the risk of T2DM in patients with NAFLD is insulin resistance [2,20].
However, measuring insulin resistance routinely in clinical practice remains a challenge. The
HOMA-IR is the best surrogate marker of insulin resistance, but the cost for the determination
of circulating insulin might be a barrier. In a subset of IT-DIAB study, we had the opportunity
to address the performance of FLI, HOMA-IR and also plasmatic adiponectin (HMW form)
levels for predicting conversion to NOD. FLI and HOMA-IR were strongly and positively cor-
related, as widely shown [12]. When putting the HOMA-IR in the multivariate analysis, the
FLI was no longer significantly associated with conversion to NOD, indicating that its predic-
tive value is mainly driven by its ability to capture insulin resistance. When comparing the
ROC curves, there was a non-significant trend for a better performance of HOMA-IR com-
pared to FLI for predicting conversion to NOD. Altogether, these data indicated that FLI
could be an effective and efficient alternative to HOMA-IR in clinical practice to predict con-
version to NOD in patients with prediabetes.

Importantly, we showed for the first time that FLI is a strong predictor for prediabetes
reversion. In multivariate Cox analyses, FLI remained independently associated with the pre-
diabetes reversion after accounting for traditional risk factors. The significant positive correla-
tion between the variations of FLI and FPG further reinforces the hypothesis for a direct
action of NAFLD on the risk of T2D. In accordance with such a dynamic relationship between
NAFLD and T2D risk, a large Korean 5-year study demonstrated that change in fatty liver sta-
tus assessed by ultrasound over time is associated with markedly variable risks of NOD [28].
While resolution of NAFLD was not inversely associated with NOD (OR: 0.95, 950,CI 0.46-
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1.60) in this study, the risk of NOD was increased in subjects who developed NAFLD (OR:
2.49, 950,CI 1.49-4.14) and even more in those in whom NAFLD worsened over 5 years (OR:
7.38, 950,CI 3.36-16.22). According to our results, we can speculate that beyond its predictive
value for conversion to NOD, FLI could also be used as a biomarker to assess the efficacy of
therapeutic interventions initiated in at risk patients. However, whether treatments leading to
improved FLI also lead to improved glucose homeostasis needs to be firmly established.

Our study presents some limitations. Regarding the definition of conversion to NOD, our
primary analysis did not include the HbA . >6.5% criterion as recommended by the ADA
[19], because the IT-DIAB population was not primitively selected on baseline HbA, . For this
reason, we performed sensitivity analyses using ADA definition of conversion to NOD, as well
as an analysis using confirmed NOD conversion criterion, both showing similar results regard-
ing the association between FLI and conversion to NOD. Even if the FLI was first proposed as
a good readout of hepatic steatosis [9], we were not able to precisely assess hepatic steatosis in
our population as relevant imaging data, US or MRI, were not available. Because of our limited
sample size, we lack the statistical power to disentangle the respective effects of HOMA-IR and
FLI on conversion to NOD, or to better highlight the possible difference in AUC of their
respective ROC curves for conversion to NOD (S2 Fig). In the same way, we also lack some
statistical power to draw adequate mixed models in order to study the dynamics of the changes
of FLI’s parameters during the follow-up regarding the risk of NOD. In addition, by design,
we only focus here on patients with IFG and we don’t systematically perform OGTT to classify
people with and without impaired glucose tolerance. Lastly, this exploratory study did not
accurately take into account the inflation of the alpha risk, and the statistical significance of the
results should be considered with caution.

Main strengths of our study were (1) the multi-centre approach and the duration of the fol-
low-up, with a substantial number of events; (2) the quality and the frequency of the data col-
lection, including a consultation with a physician and biological follow-up at least on a yearly
basis, allowing timely detection of conversion to NOD; and (3) the robustness of our findings,
FLI being positively associated with NOD, inversely associated with prediabetes reversion, and
these results being steady in the different sensitivity analyses.

In summary, FLI is a practical, simple score that could help the physicians to better stratify
the risk of conversion to NOD in patients with prediabetes. Its inverse association with predia-
betes reversion, along with its expected covariation with FPG, makes it a potential candidate as
a therapeutic education tool in the dialogue between the patient and the clinician. Further
studies are needed to better characterize its relationship with insulin-resistance and its position
as a biomarker in studies on prediabetes.

Supporting information

S$1 Fig. Comparisons of ROC curves for NOD conversion using different prediction mod-
els. Full model (red curve) includes the diabetes risk score, FPG, A1C and FLI. The blue curves
correspond to the same model after the exclusion of one of the components: diabetes risk
score (A), FPG (B), A1C (C) and FLI (D). FLIL fatty liver index. FPG: Fasting Plasma Glucose.
(TIFF)

S2 Fig. Baseline association between fatty liver index and HOMA-IR, before (A) and after (B)
natural log transformation proposed using multivariate fractional approaches (n = 275).
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S3 Fig. Receiver operating curves associated with the conversion to new onset diabetes dur-
ing follow-up, for fatty liver index and HOMA-IR. Respective area under the curve: 63.7%
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High Molecular Weight. HOMA-IR: Homeostasis model assessment of insulin resistance.
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S4 Fig. Fatty liver index trajectory before the conversion to new onset diabetes or the end
of follow-up. Black curve: population with conversion to new onset diabetes. Grey curve: pop-
ulation without conversion to new onset diabetes before the end of follow-up. For each year
preceding follow-up, means are represented with 95% confidence intervals (point and vertical
bar, respectively). The two curves are slightly shifted on the horizontal axis (+ 0.05 year) for
easy viewing purpose.
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