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BACKGROUND: The fatty liver index (FLI) provides a cost-effective way to screen for metabolic dys
function-associated steatotic liver disease (MASLD). MASLD is associated with preclinical atherosclerosis, 
with cardiovascular disease (CVD) mortality being the leading cause of death among MASLD patients.

OBJECTIVE: Lipoprotein particles can provide better CVD risk prediction than traditional lipid 
measures. Yet, FLI associations with intermediate disease markers remain under-researched. This study 
addressed this gap by investigating FLI relationships with lipoprotein particle subclass concentrations.

METHODS: This was a cross-sectional study of 1713 middle-aged to older-aged men and women 
randomly selected from a large primary care center. The FLI was calculated using triglyceride, body 
mass index, waist circumference, and gamma-glutamyl transferase levels. Lipoprotein particle subclass 
concentrations and size were determined using nuclear magnetic resonance spectroscopy. Linear re
gression analyses examined FLI associations with lipoprotein biomarkers.

RESULTS: In fully adjusted models, higher FLI scores were associated with larger very low-density li
poprotein (VLDL) and smaller low-density lipoprotein (LDL) and high-density lipoprotein (HDL) particle 
size, more large and medium VLDL, small LDL, and less large HDL particle concentrations, and greater 
lipoprotein-related insulin resistance (all P < .001). In models that examined these variable associations across 
FLI quintiles, significant dose-response relationships were observed (P trend < .001 for all).

CONCLUSION: These findings support the clinical utility of the FLI as a marker of atherogenic risk 
and as a tool for identifying at-risk individuals. Incorporating the FLI into CVD risk assessment may 
help improve risk prediction in individuals with liver disease and guide targeted interventions.
© 2026 The Author(s). Published by Elsevier Inc. on behalf of National Lipid Association. This is an 
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Metabolic-dysfunction-associated steatotic liver disease 
(MASLD), formerly called nonalcoholic fatty liver disease 
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(NAFLD), is the most common chronic liver condition 
globally, affecting 16.1% of the population.1 In addition to 
being the leading cause of liver disease worldwide, 
MASLD is associated with preclinical atherosclerosis, with 
cardiovascular disease (CVD) mortality being the leading 
cause of death among MASLD patients.2 Although the 
exact pathophysiological mechanisms underlying MASLD 
are not fully understood, fatty liver disease is associated 
with an atherogenic pattern in conventional lipid profiles 
characterized by high triglyceride and low high-density li
poprotein (HDL) concentrations.3

However, although routine plasma lipid measurements 
are clinically used to assess MASLD and CVD risk and 
guide lipid treatment,4 evidence suggests that chronic 
noncommunicable disease risk is also influenced by li
poprotein particle subclass concentrations and particle 
size.5–7 In particular, smaller low-density lipoprotein 
(LDL) and HDL particles and increased numbers of very 
low-density lipoprotein (VLDL) particles are associated 
with atherosclerosis and CVD.8–11 Consequently, it has 
been suggested that nuclear magnetic resonance (NMR) 
spectroscopy, which quantifies the number and size of 
lipoprotein particles, could help identify key biomarkers 
that may inform the development of new treatment stra
tegies that reduce MASLD incidence and related CVD 
mortality.12

The fatty liver index (FLI) is a surrogate marker of 
hepatic steatosis and provides a cost-effective way to 
screen for MASLD in large populations.13 Developed by 
Bedogni et al. based on triglyceride, body mass index 
(BMI), waist circumference (WC), and gamma-glutamyl 
transferase (GGT) levels,14 it is particularly useful in 
epidemiological studies and clinical settings where liver 
biopsy, the gold standard for diagnosing fatty liver, is not 
feasible.15,16 The FLI has been shown to accurately pre
dict the presence of fatty liver disease, with a high diag
nostic accuracy, in several studies and populations.13,15,17

Importantly, in addition to being an indicator of hepatic 
steatosis, it has been suggested that the FLI could have 
other potential clinical applications, as it may be a marker 
of different biochemical parameters and physiological 
processes.13

Although a number of studies have evaluated the 
spectrum of lipoprotein abnormalities in MASLD, some 
of these have been limited by small sample sizes,18 and to 
date, only 1 study of 173 subjects has examined FLI re
lationships with a range of lipoprotein biomarkers de
termined by NMR spectroscopy.3 Consequently, 
information on the accuracy of the FLI in discriminating 
NMR-assessed lipoprotein abnormalities is lacking. 
Therefore, this study examined FLI associations with li
poprotein particle concentrations and size, using a random 
sample of 1713 middle- to older-aged men and women. 
We hypothesized that higher FLI scores (indicating a 
greater likelihood of fatty liver) would be associated with 
less favorable lipoprotein particle subclass concentrations 
and a more proatherogenic profile.

Materials and methods

Study population and setting

The Mitchelstown Cohort was a single-center, cross- 
sectional study conducted between 2010 and 2011. Full 
details regarding the study design have been previously 
described.19 In brief, the study population was patients who 
attended the Living Health Clinic in Mitchelstown, County 
Cork, Ireland. Participants were randomly selected from all 
registered middle-aged to older-aged (46-70 years) at
tending patients, and a stratified sample was recruited. Of 
3807 potential participants, following the exclusion of du
plicates, deaths, and subjects incapable of consenting or 
attending an appointment, 3051 were invited to take part in 
the study. Of these, 2047 (49% male) completed the ques
tionnaire and physical examinations of the baseline as
sessment (response of 67%). Participants were broadly 
similar to the local background population in terms of 
proportional age representation, marital status, and educa
tion, representing a low risk of selection bias. Previous 
research has indicated that approximately 98% of Irish 
adults are registered with a General Practitioner (GP) and 
that, even in the absence of a universal patient registration 
system, it is possible to perform population-based epide
miological studies that are representative using this sam
pling method.20 After excluding participants without data 
available for each FLI component and at least 1 lipoprotein 
biomarker, and those who indicated heavy alcohol use (> 14 
drinks per week21), the current analysis includes 1713 
participants.

Ethics committee approval conforming to the 
Declaration of Helsinki was obtained from the Clinical 
Research Ethics Committee of University College Cork. A 
letter signed by the contact GP in the clinic was sent out to 
all selected participants with a reply slip indicating accep
tance or refusal. All participants provided written consent to 
use their data for research purposes.

Data collection

A general health and lifestyle questionnaire (GHLQ) 
assessed demographic variables, lifestyle behaviors, and 
morbidity. These included details on age, sex (male or fe
male), education, smoking status, alcohol consumption, and 
use of prescription medications. Physical activity details, 
including frequency, duration, and intensity, were collected 
using the validated short-form International Physical 
Activity Questionnaire (IPAQ).22 Diet was evaluated using 
a modified version of the self-completed European Pro
spective Investigation into Cancer and Nutrition (EPIC) 
food frequency questionnaire (FFQ),23 which has been va
lidated extensively in several populations.24 Adapted to 
reflect the Irish diet, the 150-item semiquantitative FFQ 
used in the current study was originally validated for use in 
the Irish population using food diaries and a protein bio
marker in a volunteer sample25 and incorporated into the 
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SLÁN Irish National Surveys of Lifestyle Attitudes and 
Nutrition 1998, 2002 and 2007.26 The average medium 
serving of each food item consumed by participants over 
the last 12 months was converted into quantities using 
standard portion sizes. Food item quantity was expressed as 
(g/d) and beverages as (mL/d).

Based on the FFQ, the Dietary Approaches to Stop 
Hypertension (DASH) score was constructed. DASH is a 
dietary pattern rich in fruits, vegetables, whole grains, and 
low-fat dairy foods and is limited in sugar-sweetened foods 
and beverages, red meat, and added fats. This diet has been 
promoted by the National Heart, Lung, and Blood Institute 
(part of the National Institutes of Health, a United States 
government organization) to prevent and control hyperten
sion. For each food group, consumption was divided into 
quintiles, and participants were classified according to their 
intake ranking. Component scores were summed, and an 
overall DASH score was calculated for each person. DASH 
diet scores ranged from 12 to 42. Lower scores represent 
poorer and higher scores represent better quality diet.27

Clinical procedures

Clinical measurements were performed by trained re
searchers with reference to a standard operating procedures 
manual. Height was measured with a portable Seca 
Leicester height/length stadiometer (Seca), and weight was 
measured using a portable electronic Tanita WB-100MA 
weighing scale (Tanita Corp). The weighing scale was 
placed on a firm, flat surface and was calibrated weekly. 
BMI (BMI = weight(kg) / height(m)2) was calculated from 
measured weight and height. WC, defined as midway be
tween the lowest rib and the iliac crest, was measured in 
centimeters to 1 decimal place using a Seca 200 measuring 
tape (Seca, Birmingham, UK). The average of 2 measure
ments was used for analyses.

Biochemical measurements

Study participants attended the clinic in the morning 
after an overnight fast (of at least 8 hours), and blood 
samples were taken on arrival. Fasting glucose and glycated 
hemoglobin A1c (HbA1c) concentrations were measured in 
fresh samples by Cork University Hospital Biochemistry 
Laboratory using standardized procedures. Glucose con
centrations were determined using a glucose hexokinase 
assay (Olympus Life and Material Science Europa Ltd), and 
HbA1c levels were measured in the hematology laboratory 
on an automated high-pressure liquid chromatography in
strument, Tosoh G7 (Tosoh HLC-723 (G7), Tosoh Europe 
N.V, Tessenderlo). Triglyceride, total cholesterol, LDL 
cholesterol, and HDL cholesterol concentrations were 
measured by Cork University Hospital Biochemistry 
Laboratory on Olympus 5400 biochemistry analyzers with 
Olympus reagents using standardized procedures and fresh 
samples (Olympus Diagnostica GmbH). Non–HDL 

cholesterol concentrations were computed by subtracting 
HDL cholesterol concentrations from total cholesterol 
concentrations. GGT levels were determined using a spec
trophotometric enzymatic assay on a Beckman Coulter 
AU5832 analyzer (Beckman Coulter Diagnostics Ltd).

Lipoprotein subclass particle concentrations and average 
VLDL, LDL, and HDL particle diameters were measured 
on serum specimens by NMR LipoProfile analysis at 
LipoScience, Inc using the LP3 algorithm,28 as previously 
described in detail.29 Subclasses were quantified based on 
the amplitudes of their spectroscopically distinct lipid me
thyl group NMR signals. Weighted-average VLDL, LDL, 
and HDL particle sizes (in nanometer diameter units) were 
computed as the sum of the diameter of each subclass 
multiplied by its relative mass percentage as estimated from 
the amplitude of its NMR signal. The following subclass 
categories were investigated: total triglyceride-rich lipo
proteins (TRL) (VLDL and chylomicrons, if present), large 
VLDL (> 60 nm), medium VLDL (42-60 nm), small VLDL 
(29-42 nm), intermediate-density lipoprotein (IDL) (23-29 
nm), large LDL (20.5-23 nm), small LDL (18-20.5 nm), 
large HDL (9.4-14 nm), medium HDL (8.2-9.4 nm) and 
small HDL (7.3-8.2 nm). Particle concentrations are ex
pressed as nanomoles per liter (VLDL and LDL) and mi
cromoles per liter (HDL). Total non–HDL concentrations 
were calculated to approximate apolipoprotein B100 par
ticle concentrations by summing TRL, IDL, and LDL par
ticle concentrations.30 A lipoprotein-related insulin 
resistance (LP-IR) score, ranging from 0 (least) to 100 
(most) insulin resistant, which is a weighted combination of 
the 6 lipoprotein subclass and size parameters most closely 
associated with insulin resistance, was calculated.31

FLI

The FLI is a validated tool used to estimate the presence 
of fatty liver (hepatic steatosis) based on a combination of 
clinical and biochemical measurements.13 The FLI was 
calculated using the following formula:  

FLI = (e 0·953*ln(Triglycerides) + 0·139*BMI + 0·718*ln(GGT) + 0·053* 

WC – 15·745) / (1 + e 0·953*ln(Triglycerides) + 0·139*BMI + 0·718*ln 

(GGT) + 0·053*WC – 15·745) *100                                                

FLI scores ranged from 2.48 to 99.92. For descriptive 
analyses, the scores were also categorized as FLI < 30, 30 to 
59, and ≥60, indicating low, intermediate, and high like
lihood of fatty liver.

Covariates

Education was defined as “primary level only” and 
“secondary or higher.” Living arrangement was classified as 
“married/cohabiting” or “other.” Smoking status was de
fined as “current smoker” and “non-smoker.” Alcohol 
consumption was measured in units of alcohol consumed on 
a weekly basis and was categorized into the following 
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levels: (1) nondrinker, ie, < 1 drink per week; (2) moderate 
drinker, ie, between 1 and 14 drinks per week. The defi
nition of “moderate drinker” aligns with criteria from the 
EPIC study.21 Physical activity was categorized as low, 
moderate, and high levels of activity using the IPAQ. This 
was then recoded as a dichotomous variable: “moderate/ 
high” or “low” physical activity. Use of lipid-lowering 
medications was defined as a binary (yes/no) variable as 
determined from participants’ responses to questions in the 
GHLQ. Type 2 diabetes was determined as a fasting glu
cose level ≥7.0 mmol/L or HbA1c level ≥6.5% (≥48 mmol/ 
mol)32 or by self-reported diagnosis. The presence of CVD 
was obtained by asking study participants if they had been 
diagnosed with any of the following 7 conditions: Heart 
Attack (including coronary thrombosis or myocardial in
farction), Heart Failure, Angina, Aortic Aneurysm, Hard
ening of the Arteries, Stroke, or any other Heart Trouble. 
Subjects who indicated a diagnosis of any one of these 
conditions were classified as having CVD.

Statistical analysis

Descriptive characteristics were examined according to 
FLI quintiles. Categorical features are presented as numbers 
(n) and percentages (%), and continuous variables are 
shown as a mean ± SD, or a median and IQR for skewed 
data. Differences between quintiles 5 and 1 were analyzed 
using Pearson’s chi-square, Student’s t-test, or a 
Mann–Whitney U. Correlations between FLI scores, in
dividual FLI components, and lipoprotein biomarkers were 
further examined using Spearman’s rank-order correlation. 
Linear regression was used to investigate associations be
tween FLI scores (independent variable) and lipoprotein 
particle subclasses (dependent variables). Three models 
were run to test relationships: Model 1 was age and sex- 
adjusted, while Model 2 additionally adjusted for education, 
smoking, alcohol use, physical activity, and dietary intake 
(DASH score). A third model also adjusted for lipid-low
ering medication use, type 2 diabetes, and CVD history.

To correct for the multiple testing performed, we cal
culated family-wise error rate P values in final models via 
the Romano-Wolf (RW) multiple hypothesis correction 
method using the rwolf command in Stata.33 Partial R2 

values were also calculated in final models using the pcorr 
command in Stata. The partial R2 values indicate how much 
variance in each dependent variable is explained by the FLI, 
and which is not explained by other variables in the model. 
For lipoprotein biomarkers that demonstrated significant 
relationships with the FLI in final models, we additionally 
assessed linear relationships using FLI quintiles, with the 
first quintile set as the reference category. We also con
ducted sensitivity linear regression analyses, which ex
cluded study participants who indicated lipid-lowering 
medication use and those with type 2 diabetes and a CVD 
history. Sex-stratified analyses were also performed. Data 
analysis was conducted using Stata SE Version 13 (Stata 
Corporation) for Windows. For all analyses, a P value (2- 

tailed) of less than 0.05 was considered to indicate statis
tical significance.

Results

Descriptive characteristics

Table 1 presents characteristics of the study sample 
stratified by FLI quintiles. Participants with higher FLI 
scores (quintile 5 compared to quintile 1) were older, more 
likely to be male, and to have been educated to a primary 
level only, had lower levels of physical activity, and poorer 
diet quality as indicated by lower DASH scores. Subjects 
with higher FLI scores were also more likely to be on lipid- 
lowering medications and to have type 2 diabetes and a 
CVD history. Significant differences in lipoprotein bio
marker concentrations between quintiles 5 and 1 were also 
observed, with total TRL, large, medium, and small VLDL, 
total LDL, IDL, small LDL, small HDL, total non–HDL 
concentrations, and the LP-IR score, increasing across FLI 
quintiles. Conversely, plasma LDL cholesterol, HDL cho
lesterol, and large LDL and HDL size decreased across 
quintiles. According to FLI diagnostic thresholds, 43.3% (n 
= 741) of study participants had FLI scores ≥60, indicating 
a high likelihood of fatty liver, while 28.1% (n = 481) had 
intermediate scores (30-60) and 28.7% (n = 491) had scores 
< 30, suggesting a low likelihood of fatty liver.

Correlation analyses

In correlation analyses (Fig 1), significant positive cor
relations between the FLI and lipoprotein biomarkers were 
observed for non–HDL cholesterol, total TRL, large, 
medium, and small VDL, total LDL, IDL, small LDL, small 
HDL, total non–HDL, VLDL particle size, and the LP-IR 
score. Negative correlations between the FLI and bio
markers were observed for plasma LDL and HDL choles
terol, total and large HDL, and both LDL and HDL particle 
size. Relationships between the FLI and lipoprotein bio
markers were stronger for HDL size and plasma HDL 
cholesterol, with medium and large VLDL, and the LP-IR 
score, showing the highest correlative strengths.

Regarding individual FLI components, significant cor
relations were observed with each lipoprotein biomarker, 
with exceptions noted for total HDL with GGT and tri
glyceride concentrations. In general, however, triglyceride 
correlations with lipoprotein biomarkers were stronger 
when compared to other FLI components.

Linear regression

The results from linear regression analyses, which ex
amined relationships between standardized FLI scores and 
lipoprotein biomarkers, are presented in Table 2. In models 
that adjusted for age and sex, significant associations were 
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observed between the FLI and 18 biomarkers and the LP-IR 
score. In models that additionally adjusted for education, 
smoking, alcohol use, physical activity, dietary intake, 
lipid-lowering medication use, type 2 diabetes, and CVD 
history, and after a multiple hypothesis correction, sig
nificant associations remained, with exceptions noted for 
plasma LDL cholesterol and total HDL. The highest partial 
R2 values were seen for plasma HDL cholesterol (14.2%), 
small LDL (16.3%), HDL size (17.3%), large HDL 
(17.9%), medium and large VLDL (21.8% and 23.8%), and 
the LP-IR score (27.7%). In fully adjusted linear regression 
models, which examined variable associations across FLI 
quintiles (Fig 2), significant dose-response relationships 
were observed (P trend < .001 for all).

In sensitivity analyses that excluded study participants 
who indicated lipid-lowering medication use 
(Supplementary Table S1) and those with type 2 diabetes 
and a CVD history (Supplementary Table S2), relation
ships were largely the same. In sex-stratified analyses 
(Supplementary Table S3), findings were also in keeping 
with the main results. As observed in nonstratified ana
lyses, the highest partial R2 values were seen for plasma 
HDL cholesterol, small LDL, HDL size, large HDL, 
medium and large VLDL, and the LP-IR score, in both 
sexes.

Discussion

In this study, we examined FLI associations with lipo
protein subclasses using a random sample of 1713 middle- 
to older-aged adults. Study participants with higher FLI 
scores displayed a distinct metabolic profile characterized 
by larger VLDL and smaller LDL and HDL particle size, 
more large and medium VLDL, small LDL, and less large 
HDL particle concentrations, and greater LP-IR. These as
sociations were robust to a range of adjustments and cor
rections for multiple testing. The results from sensitivity 
analyses, which excluded participants on lipid-lowering 
medications, those with type 2 diabetes and a CVD history, 
and sex-stratified models, were also broadly similar. In fully 
adjusted linear regression models, which examined variable 
associations across FLI quintiles, significant dose-response 
relationships were observed. These results support our hy
pothesis that higher FLI scores (indicating a greater like
lihood of fatty liver) would be associated with less 
favorable lipoprotein particle subclass concentrations and a 
more proatherogenic profile. Subsequently, these findings 
support the clinical utility of the FLI as a marker of 
atherogenic risk and as a tool for identifying at-risk 
individuals.

As previously discussed, the FLI is a validated, surrogate 
measure used to estimate the presence of hepatic steatosis, 
serving as a cost-effective alternative to liver ultrasound or 
liver biopsy. Importantly, in addition to its role as an in
dicator of fatty liver, a recent review suggested that the FLI Ta
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may also serve as a marker of a number of metabolic dis
eases, in particular CVD.13 A number of prospective studies 
have shown the FLI to be associated with CVD, CVD 
mortality, and all-cause mortality. Using data on 502,536 
adults aged 40 to 69 years from the UK Biobank database, 
Zou eta al. found a significant association between FLI and 
incident CVD, including in subgroups stratified by BMI.34

In a Korean longitudinal study of 505,763 participants with 
type 2 diabetes, Kim et al. found the FLI to be associated 
with higher risk of CVD and all cause death.35 In research 
which also utilized UK Biobank data (N = 502,128), Li 
et al.36 found the FLI to be an independent risk factor for 
sudden cardiac arrest in CVD-free adults.36 Huang et al.37

found that hazard ratios for CVD and mortality increased in 
accordance with FLI grading in a large prospective study of 
participants with hypertension, which sourced data from 2 

cohorts (N = 12,907 and N = 120,639).37 Consequently, 
given these findings, it has been proposed that the FLI 
should be incorporated into clinical practice in order to 
enhance early risk stratification and inform timely inter
ventions in patients at risk of CVD.38

Conventional lipid/lipoprotein abnormalities associated 
with fatty liver disease are well known, with the char
acteristic pattern demonstrating an increase in triglycerides 
and a decrease in plasma HDL cholesterol concentrations.3

Elevated triglyceride and low HDL levels are recognized 
risk factors for CVD. In particular, HDL cholesterol has 
consistently emerged as a predictor of CVD risk, with lower 
levels linked to higher myocardial infarction rates and CVD 
mortality.4 In our study, examination of lipoprotein sub
classes also revealed inverse associations between the FLI 
and HDL particle size. This aligns with existing studies on 

Figure 1. Heatmap illustrating correlative strengths between the FLI, FLI components, and lipoprotein particle subclasses. Values 
are presented as Spearman correlation coefficients (rho) between the FLI, individual FLI components, and lipoprotein subclasses among the 
Mitchelstown Cohort (N = 1713). In each row, the color green denotes weaker and red indicates stronger correlations. *P  <  .05; **P  <  .01; 
***P  <  .001. Abbreviations: BMI, body mass index; FLI, fatty liver index; GGT, gamma-glutamyl transferase; HDL, high-density lipo
protein; IDL, intermediate-density lipoprotein; LDL, low-density lipoprotein; LP-IR, lipoprotein-related insulin resistance; TRL, trigly
ceride-rich lipoproteins; VLDL, very low-density lipoprotein; WC, waist circumference.
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HDL subclasses, which have demonstrated larger HDL 
particles to be inversely related to cardiovascular risk, as 
HDL cholesterol is primarily carried by large, buoyant, 
lipid-rich HDL particles.39

Our study also found higher FLI scores to be related to 
larger VLDL and smaller LDL particle size and con
centrations. Hepatic over-production of large triglyceride- 
rich VLDL may initiate diabetic dyslipidemia;40,41 large 
VLDL particles are elevated in those with insulin resistance 
and metabolic syndrome42,43 and have been found to be 
associated with atherosclerosis.11 Large VLDL particles are 
also considered to be important in terms of CVD risk as 
they are associated with the proatherogenic small dense 
LDL phenotype.11 Importantly, increased VLDL particle 
size and concentrations are believed to prevent lipoprotein 
lipase-mediated clearance of VLDL triglycerides, thereby 
producing triglyceride-rich lipoprotein remnants.44 Hepatic 
lipases hydrolyze these remnant particles, producing small, 
dense lipoprotein particles.18 Small, dense LDL particles 
have been linked with angiographically defined coronary 
artery disease and a 3-fold increased risk of myocardial 
infarction, independent of age, sex, and weight.45,46 The 
European Society of Cardiology recommends considering 
LDL subclasses, such as small LDL particles, besides 
overall LDL cholesterol levels, for managing patients with 
CVD.47 LDL subclasses may also serve as useful bio
markers to identify individuals at risk of CVD.48

Interestingly, our study found the FLI to show the 
highest partial R2 value for the LP-IR score, a relationship 
that was also observed in sex-stratified analyses. The LP-IR 
score is a weighted index of VLDL, LDL and HDL particle 
sizes and large VLDL, small LDL and large HDL particle 
concentrations that has been shown to be more strongly 
related to insulin resistance than each of its individual 

subclasses.49 This score has been found to be associated 
with mortality in heart failure patients.50 In a study of 
28,024 women, the LP-IR score showed the highest stan
dardized risk for incident coronary heart disease (CHD) 
across most age groups (adjusted hazard ratio = 6.40; 95% 
CI: 3.14, 13.06) for CHD onset before age 55 (attenuating 
with age), surpassing LDL cholesterol levels, standard li
pids, and inflammatory markers.51

Collectively, the results from this research further con
firm that a greater likelihood of fatty liver disease, as 
characterized by the FLI, is associated with a more proa
therogenic risk profile determined by NMR spectroscopy. 
These results are in agreement with findings from previous 
studies that have characterized fatty liver disease by the 
FLI,3 liver biopsy,18,52 and CT-diagnosed NAFLD,53 and 
suggest that observed associations between the FLI and 
CVD risk and mortality are partially mediated through the 
lipoprotein particle subclass biomarkers examined. Fatty 
liver disease has historically been under-recognized as a 
major health concern as the condition is largely asympto
matic.54,55 Importantly, our finding of a graded, dose-re
sponse relationship between FLI scores and lipoprotein 
subclass biomarker concentrations suggests that in
corporating the FLI into CVD risk assessment may help 
improve risk prediction in individuals with liver disease and 
guide targeted interventions. In Ireland, recently adopted 
guidelines now advocate assessing liver health to determine 
the severity of a patient’s obesity in order to inform clinical 
decision-making.56 This is in line with recommendations 
that liver health should always be assessed to fully char
acterize metabolic health.57

This study has several strengths. With the elderly po
pulation growing, it is to be expected that the number of 
individuals with noncommunicable diseases will increase.58

Figure 2. FLI quintile associations with lipoprotein particle subclasses. Quintile 1 is used as the reference category. All models adjusted 
for age, sex, education, smoking, alcohol use, physical activity, dietary intake, lipid-lowering medication use, type 2 diabetes, and car
diovascular disease history. Total TRL, large VLDL, medium VLDL, small VLDL, IDL, large HDL, and the LP-IR score are log- 
transformed. Abbreviations: HDL, high-density lipoprotein; IDL, intermediate-density lipoprotein; LDL, low-density lipoprotein; LP-IR, 
lipoprotein-related insulin resistance; TRL, triglyceride-rich lipoproteins; VLDL, very low-density lipoprotein.
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Research on risk indices, such as the FLI, is important for 
public health in terms of providing better insights into 
disease causation and for informing clinical decision- 
making. Our study is pioneering in its assessment of asso
ciations between the FLI and a comprehensive range of 
lipoprotein particle subclasses determined from NMR 
spectroscopy. Other strengths include the relatively large 
number of study participants and the use of validated 
questionnaires to collect data. Furthermore, to address the 
potential issue of multiple testing, we applied a stringent 
RW multiple hypothesis correction.33

Our study’s primary limitation is its cross-sectional 
nature. Because measurements were taken at a single time 
point, this research cannot evaluate changes in MASLD 
status and lipoprotein particle subclasses, or relationships 
between FLI scores and lipoprotein biomarkers, over time. 
In addition, the study population, consisting of a re
presentative sample of middle- to older-aged Irish men and 
women, although relatively large, may limit the applic
ability of findings to other ethnicities, age groups, or geo
graphic regions. Importantly, although previous research 
that has characterized fatty liver disease through hepatic 
biopsy lends substantial credibility to the current work,18,52

replication studies in diverse cohorts are needed to confirm 
our findings. It should also be noted that personal medical 
histories were based on self-administered questionnaires 
instead of medical records. While no study participant in
dicated treatment or medication use for liver disease, un
measured factors may still influence results. Furthermore, 
the reliance on self-reported data may introduce reporting 
and social desirability biases. Nonetheless, the consistency 
of the associations observed, after extensive adjustment, 
provides evidence of the robustness of our findings.

In conclusion, the results from this research demonstrate that 
individuals with higher FLI scores display a distinct metabolic 
profile characterized by larger VLDL and smaller LDL and 
HDL particle size, more large and medium VLDL, small LDL, 
and less large HDL particle concentrations, and greater LP-IR. 
Significant dose-dependent associations were also observed. 
These findings support the clinical utility of the FLI as a marker 
of atherogenic risk and as a tool for identifying at-risk in
dividuals in middle- to older-aged populations. Incorporating 
the FLI into CVD risk assessment may help improve risk 
prediction in individuals with liver disease and guide targeted 
interventions.
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