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Abstract

Background & aims Metabolic Associated Fatty Liver Disease (MAFLD) is a prevalent chronic liver disorder with
severe potential outcomes. While the albumin-bilirubin (ALBI) score demonstrates prognostic utility in other chronic
liver diseases, its specific role and predictive performance in MAFLD patients, particularly regarding all-cause mortality,
remain incompletely understood. This study aims to investigate the association between ALBI scores and all-cause
mortality in individuals with MAFLD and to evaluate its prognostic potential using large-scale NHANES data.

Methods Drawing on data from the population-based National Health and Nutrition Examination Survey (NHANES)
conducted between 2003 and 2018, we employed weighted multivariable Cox proportional hazards regression

to assess the relationship between ALBI scores and all-cause mortality in a cohort of 5,666 MAFLD patients. ALBI
scores were calculated and categorized into tertile (Q1: ALBI < -2.96; -2.96 < ALBI < -2.70; Q3: > -2.70). MAFLD was
diagnosed using the U.S. Fatty Liver Index (US-FLI) with a cutoff score of > 30, while excluding other chronic liver
diseases. Statistical analyses incorporated NHANES sampling weights and adjusted for potential confounders using
multivariable Cox regression models. Additionally, we conducted threshold effect analysis to identify potential
inflection points in the ALBI-mortality relationship and used Kaplan-Meier survival analysis to visualize survival
differences across ALBI tertiles.

Results In this cohort study of 5,666 MAFLD patients, 1,093 (19.29%) experienced mortality during a median
follow-up of 8.5 years. Following adjustment for confounding factors, elevated ALBI scores demonstrated a significant
correlation with an increased risk of death from any cause (p <0.001). The hazard ratios (HR) for mortality across ALBI
tertile (Q1-Q3) were 1.00 (reference), 1.32 (1.05-1.65), and 1.74 (1.42-2.12), respectively. Each 1-unit increase in ALBI
score was associated with a 193% higher risk of death (HR: 2.93, 95% Cl: 2.02-4.24). Threshold effect analysis identified
an inflection point at ALBI =-2.69, using piecewise Cox regression, mortality risk increased sharply above this
threshold (HR=4.86, 95% Cl: 3.32-7.11, p <0.0001). ROC curve analysis showed AUC values of 0.715, 0.646, and 0.652
for 1-, 2-,and 3-year mortality, respectively, with calibration curves indicating strong agreement between predicted
and actual probabilities.
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Conclusion Our study demonstrates that ALBI scores are a moderate predictor of all-cause mortality in MAFLD
patients, particularly at ALBI > -2.69, with an AUC of 0.715 for 1-year mortality. These findings highlight the potential of
ALBI scores to identify high-risk patients early, supporting their use in clinical prognostic assessments. Future research

should validate these results in diverse populations.
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Introduction

Emerging as a major global health challenge, Non-alco-
holic Fatty Liver Disease (NAFLD) affects approximately
30.2% of adults, characterized pathologically by abnor-
mal lipid deposition within liver parenchyma [1-3]. Its
escalating prevalence mirrors the worldwide epidemic of
metabolic dysregulation and obesity-related comorbidi-
ties. NAFLD exhibits bidirectional pathophysiological
relationships with metabolic syndrome constituents—
particularly visceral adiposity-induced insulin resistance,
atherogenic lipid profiles, and cardiorenal patholo-
gies [4, 5]. These interconnected metabolic aberrations
accelerate hepatic extracellular matrix remodeling and
independently predict decompensated cirrhosis and
hepatocarcinogenesis [6, 7]. Current clinical paradigms
confront dual limitations: reliance on imperfect diagnos-
tic modalities (ultrasound, MRI, or biopsy) with inherent
sensitivity constraints [8, 9], therapeutic options are cur-
rently limited to lifestyle interventions, as no approved
disease-modifying pharmacologic agents exist [10, 11].
These gaps highlight an urgent need for non-invasive
prognostic biomarkers to optimize therapeutic monitor-
ing and outcome prediction.

It is important to note the recent paradigm shift in
the nomenclature of fatty liver disease. An international
expert consensus statement in 2020 proposed replacing
NAFLD with Metabolic Associated Fatty Liver Disease
(MAFLD) [12]. This change was driven by several key
considerations. Unlike NAFLD, MAFLD does not require
the exclusion of other liver disease causes, such as viral
hepatitis or significant alcohol consumption, allowing for
a more inclusive and clinically practical diagnosis. The
new terminology also better reflects the disease’s etiology
by explicitly acknowledging its strong association with
metabolic dysfunction and metabolic syndrome, moving
away from a diagnosis of exclusion to one based on posi-
tive criteria [13]. This shift aims to reduce stigma asso-
ciated with the term “non-alcoholic” and “fatty,” improve
disease awareness, and facilitate more precise patient
identification and management. In this study, we have
adopted the term MAFLD to align with the latest aca-
demic nomenclature and to reflect the strong metabolic
associations of the disease.

The albumin-bilirubin index (ALBI) has gained recog-
nition as an objective hepatic function metric in chronic
liver diseases. Calculated from standardized serum
albumin and bilirubin measurements, this composite

score quantifies synthetic and excretory liver capaci-
ties through validated algorithms [14—17]. Recent com-
parative analyses reveal ALBI's enhanced discriminative
power versus traditional staging systems in identify-
ing preclinical hepatic impairment, a critical advantage
given MAFLD’s protracted subclinical progression [18,
19]. However, demographic heterogeneity (age, sex, eth-
nic background) and metabolic comorbidities (e.g., dia-
betes, dyslipidemia) may confound ALBI’s prognostic
performance. Mechanistically, adipose tissue-derived
inflammatory mediators and glucolipotoxic stress may
synergistically impair hepatocellular integrity [20-22],
thereby modulating ALBI components. Additionally, epi-
genetic modifications and lifestyle factors (nutritional
habits, sedentary behavior) likely contribute to interin-
dividual variability in ALBI trajectories among MAFLD
patients.

NHANES is a survey representative of the nation that
systematically gathers health and dietary information
from the U.S. general population, employing a sophisti-
cated multi-stage probability sampling method, with data
made public every two years. NHANES (www.cdc.gov/
nchs/nhanes) is designed to assess the health and nutri-
tional status of adults and children in the United States.
The survey is distinctive in that it incorporates both
physical examinations and interviews. Several cross-
sectional, nationally representative health examination
surveys are part of the NHANES program. Questions
about demographics, health insurance status, dietary
habits, acute and chronic medical issues, mental health,
and prescription drug use are all included in the health
interview. Exam components can change between sur-
vey cycles but typically include blood pressure, dental
exams, vision, hearing, dermatology, fitness, balance and
strength testing, respiratory testing, taste and smell, and
body measurements (weight, height, skin folds, body
composition scans). Hematology, organ and endocrine
function (e.g., thyroid, kidney), environmental exposure,
dietary biomarkers, metabolic and cardiovascular health,
and infectious disease are a few examples of laboratory
components.

This nationwide cohort study, utilizing prospectively
collected population-based NHANES data (2003-2018),
aimed to rigorously investigate the association between
ALBI scores and all-cause mortality in individuals with
MAFLD and to evaluate its prognostic performance.
We employed weighted multivariable Cox proportional
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hazards regression, complemented by threshold effect
analysis, Kaplan-Meier survival analysis, and ROC curve
analysis, to assess ALBI’s independent predictive capac-
ity after adjusting for comprehensive sociodemographic,
metabolic, and behavioral confounders. Ultimately, this
study sought to establish the independent association of
ALBI scores with all-cause mortality in MAFLD patients
and to determine the predictive performance of ALBI
scores for short-term mortality within this population.

Materials and methods

Study design and participants

This study utilized data from the National Health and
Nutrition Examination Survey (NHANES) conducted
between 2003 and 2018. Ethical approval was obtained
from the Centers for Disease Control and Prevention
(CDC) Institutional Review Board. All participants pro-
vided written informed consent. The study was con-
ducted in accordance with the Declaration of Helsinki
and relevant guidelines and regulations. The methods
used in this study were approved by the CDC Institu-
tional Review Board, and the data used are de-identified
and publicly accessible, thus exempting the study from
further review.

The CDC Institutional Review Board granted ethical
clearance, and all participants provided written informed
consent. To maintain data integrity, individuals lacking
essential ALBI score elements, mortality data, or MAFLD
diagnosis standards were not included. Missing data in
the remaining variables were addressed using multiple
imputation with chained equations (MICE), producing
five complete datasets. The imputation models incorpo-
rated all analytical variables and auxiliary covariates to
preserve underlying data structure and relationships. The
specific criteria for inclusion and exclusion are detailed
in Fig. 1.

ALBI formula and grouping

The ALBI score was calculated using the following formula:
ALBI = 0.66xlog|[bilirubin(pumol/L)]-0.085xalbumin(g/L),
ALBI is divided into 3 grades, the score of <-2.60 is grade
1; the score of —2.60< score<-1.39 is grade 2; the score of
>-1.39 is grade 3 [23]. For the purposes of analysis in our
cohort, we re-defined ALBI grades by tertiles (denoted
Q1-Q3) rather than using the original grade 1-3 cutofts,
due to the limited number of patients falling into origi-
nal grade 3. Specifically, these tertiles were defined as:
group Q1 (ALBI scores < -2.96), group Q2 (ALBI scores
-2.96<ALBI < -2.70), and group Q3 (ALBI scores >
-2.70). It is important to note that ALBI is a reverse scale
where more negative values indicate better liver function.
Thus, lower (more negative) ALBI scores correspond to
healthier liver status.
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Definition of MAFLD

Fatty liver was defined using the US-FLI, which is cal-
culated as follows: US-FLI=eY/(1+e¥) x 100, where
y=-0.8073 x non-Hispanic black+0.3458xMexican
American +0.0093xage +0.6151 xlog, (gamma-glutamyl
transferase) + 0.0249 x waist circumference+1.1792 x
log, (insulin) +0.8242 x log, (glucose) — 14.7812. The vari-
ables for ‘non-Hispanic black’ and ‘Mexican American’
were coded as 1 if the participant identified with that
ethnicity and 0 otherwise [22]. Fatty liver is defined by a
US-FLI score of >30, as recommended [24, 25]. MAFLD
is identified by a US-FLI score of =30, discounting other
established reasons for chronic liver disease. These
include viral hepatitis, indicated by positive markers
such as hepatitis B surface antigen, hepatitis C antibody,
or hepatitis C RNA, and significant alcohol consump-
tion (>2 drinks per day for men or >1 drink per day for
women).

Covariates

Study participants were stratified into three age cohorts:
young adults (20—39 years), middle-aged (40-59 years),
and older adults (> 60 years). Racial/ethnic categorization
included non-Hispanic White, non-Hispanic Black, Mex-
ican American, and other self-identified groups. Educa-
tional status was categorized into three tiers: incomplete
secondary education, secondary education completion
(high school diploma or equivalent), and postsecondary
attainment (associate degree or higher). Socioeconomic
status was evaluated using poverty-income ratio (PIR)
tertile: low-income (PIR <1.0), middle-income (PIR 1.0—
3.0), and high-income (PIR > 3.0).

Tobacco exposure history was classified as: lifetime
nonsmokers (<100 cigarettes consumed), active smokers
(2100 cigarettes with current use), and former smokers
(=100 cigarettes with cessation). Occupational physical
activity levels were ascertained through validated ques-
tionnaires, dichotomized as engagement or non-
engagement in moderate-intensity work-related tasks.
Anthropometric evaluation utilized WHO-defined BMI
categories: normal weight (<25 kg/m?), overweight (25—
29.9 kg/m?), and obese (230 kg/m?). Nutritional intake
was quantified using 24-hour dietary recall-derived total
caloric consumption. Comorbidity profiles incorporated
self-reported diagnoses of hypertension, dyslipidemia,
and diabetes mellitus.

Comprehensive biochemical profiling encompassed
hemoglobin concentration, hepatic transaminases (ALT,
AST), and lipid panel components—total cholesterol,
triglycerides, LDL cholesterol, and HDL cholesterol. All
laboratory parameters were measured using standardized
automated assays following NHANES protocols.
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Participants aged>20 inNHANES 2003-2018(n=44,790)

. | Excluding missing data for calculating US-FLI: gamma
7| glutamyltransferase (n=147), waist circumference (n=449),
insulin (n=17,156), glucose (n=1,729)

Y
The remaining participants (n=25,209)

}I Excluding missing data for calculating ALBI: (n=4,593)

Y
The remaining participants (n=20,616)

Excluding: alcohol intake (>2 drinks per day for men or >1 drink
«| per day for women) (n=1,392) . hepatitis B surface antigen

(n=62) - hepatitis C antibody (n=172) - or hepatitis C
RNA (n=53) . Missing death data for 19 individuals.

Y

The final participants included in this study (n=18,918)

Y Y

Participants witho NAFLD
US-FLI = 30 (n=5,666)

Participants without NAFLD
US-FLI < 30 (n=13,252)

Fig. 1 Flow chart illustrating selection of the study population in NHANES from 2003 to 2018

Statistical analysis

Analytical procedures incorporated sampling weights to
address the multistage probability sampling framework
of NHANES. Event timing spanned from study entry to
mortality occurrence, participant withdrawal, or admin-
istrative censoring (December 31, 2019), with tempo-
ral intervals quantified in monthly units. Continuous
metrics are presented as weight-adjusted means (95%
confidence intervals), while categorical variables are sum-
marized as proportion estimates (95% confidence inter-
vals). For comparative analyses, we used the Chi-square
test (x*) to compare observed and expected frequencies
for categorical variables. For continuous variables, we
employed the Mann—Whitney U test (U) for non-para-
metric comparisons and the T-test (T) for parametric

comparisons. All statistical tests were two-tailed, with a
significance level set at a=0.05. Following NCHS guide-
lines to combine NHANES 2003-2018 data, each partici-
pant’s two-year sampling weight was divided by the eight
included two-year cycles (spanning 16 years), generating
a multi-year weight for the entire study period. For mor-
tality analysis, we utilized NHANES-provided adjusted
follow-up weights, linked to the public-use mortality file,
which account for the original survey design and loss to
follow-up.

Mortality risk stratification utilized the lowest ALBI
tertile (Q1) as the reference category. Weighted multi-
variable proportional hazards regression frameworks
assessed associations between ALBI gradients and all-
cause mortality, generating hazard ratios (HRs) with
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corresponding confidence bounds. The proportional
hazards assumption was verified using Schoenfeld
residual tests, with global test p=0.32 (ALBI-specific
test p=0.17), confirming compliance with the funda-
mental assumptions of the Cox model. Survival prob-
ability disparities across ALBI strata were graphically
represented through Kaplan-Meier plots with weighted
log-rank testing. Three sequential adjustment tiers were
implemented: Minimally adjusted: Univariate analysis;
Partially adjusted: Demographic covariates (sex, age,
racial/ethnic group, educational attainment, socioeco-
nomic status); Fully adjusted: Behavioral, anthropomet-
ric, and metabolic parameters (occupational activity,
caloric intake, smoking history, BMI category, cardio-
metabolic comorbidities, hepatic enzymes, lipid profile)
Nonparametric associations were investigated through
penalized spline regression within generalized addi-
tive models. Threshold identification employed itera-
tive segmented regression techniques when nonlinear
patterns emerged, with piecewise Cox models applied
to interval-specific risk estimation. Computational
workflows were executed in R statistical environment
(v4.3.1) and EmpowerStats analytical platform, applying
two-tailed significance thresholds (a=0.05) with mul-
tiplicity-unadjusted interpretation. Sensitivity analyses
confirmed model robustness across alternative adjust-
ment strategies.

Results

Selection of the study population

The NHANES 2003-2018 cohort initially included
80,312 participants. After excluding 35,522 individuals
aged <20 years, 44,790 adults were eligible for analysis.
Subsequent exclusion of 24,174 participants with missing
US-FLI or ALBI data yielded 20,616 subjects. Following
sequential exclusions for: Heavy alcohol use (>14 drinks/
week in men; >7 drinks/week in women); Hepatitis B sur-
face antigen (HBsAg) positivity; Hepatitis C virus (HCV)
antibody positivity with detectable HCV RNA. The final
cohort comprised 5,666 MAFLD patients diagnosed by
US-FLI criteria.

Baseline characteristics

Table 1 presents the demographic characteristics of
the 5,666 MAFLD participants, categorized by sur-
vival status. Of these participants, 1,093 died within a
median follow-up time of 102 months. Compared to
survivors, participants who died were more often male
(56.03% vs. 51.68%, p=0.0418). A larger proportion of
non-survivors were aged >59 years (80.67% vs. 29.94%,
p<0.0001). Non-survivors also had a higher prevalence
of non-Hispanic white ethnicity (83.42% vs. 72.16%,
p<0.0001), diabetes (29.67% vs. 13.69%, p<0.0001),
hypertension (60.93% vs. 41.16%, p<0.0001), and
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hyperlipidemia (57.28% vs. 44.40%, p <0.0001). Notably,
the mortality group exhibited significantly higher lev-
els of ALBI (mortality group: —2.74 vs. control: -2.88,
P<0.001) than the control group.

Association of ALBI with mortality

As of December 31, 2019, the median follow-up dura-
tion was 8.5 years, with 1,093 deaths (19.3%) recorded.
A significant positive association emerged between
higher ALBI scores and all-cause mortality in MAFLD
patients. In the fully adjusted survey-weighted Cox
regression model (Model 3), hazard ratios (HRs) for
mortality across ascending ALBI tertile (Q1-Q3) were
1.00 (reference), 1.32 (95% CI: 1.05-1.65), and 1.74 (95%
CI: 1.42-2.12), demonstrating a dose-response relation-
ship (P enq < 0.001; Table 2). When analyzed as a contin-
uous variable, each 1-unit ALBI increase was associated
with a 193% elevated mortality risk (HR: 2.93, 95% CI:
2.02-4.24).

Non-linear and threshold analysis
Nonlinear analysis via restricted cubic splines confirmed
this positive correlation (generalized additive model
P<0.001; Fig. 2). Threshold effect analysis identified a
nonlinear relationship (2=0.0005 by log-likelihood ratio
test), with an inflection point at ALBI = - 2.69. Below this
threshold (ALBI< -2.69), each 1-unit ALBI increase cor-
responded to a 55% mortality risk elevation (adjusted
HR: 1.55, 95% CI: 1.05-2.30, P=0.027). Above -2.69
(ALBI > -2.69), mortality risk escalated sharply (adjusted
HR: 4.86, 95% CI: 3.32-7.11, P<0.0001; Table 3). This
indicates that individuals with ALBI scores > -2.69 had
a 386% higher risk of mortality compared to those with
scores < —2.69. While the overall linear model indicated
strong mortality association (HR: 2.74, P<0.0001), the
amplified risk beyond -2.69 suggests critical prognos-
tic implications for MAFLD patients, emphasizing the
need for early intervention in individuals exceeding this
threshold.

Kaplan-Meier survival analysis reinforced these find-
ings, with significantly divergent survival curves across
ALBI strata (log-rank P<0.001; Fig. 3).

Predictive performance of ALBI for all-cause mortality

We developed an ALBI-based prognostic model for 1-,
2-, and 3-year mortality. Receiver operating characteris-
tic (ROC) analysis demonstrated moderate discrimina-
tive ability, with area under the curve (AUC) values of
0.715 (95% CIL: 0.67-0.76), 0.646 (0.60-0.69), and 0.652
(0.61-0.70) for 1-, 2-, and 3-year predictions, respectively
(Figure 4A-C). The 1-year AUC exceeded 0.70, indicat-
ing clinically useful discrimination, while 2- and 3-year
predictions retained modest prognostic value.
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Table 1 Baseline characteristics of MAFLD patients by survival status (n=5666)
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Characteristic Total Surviving participants (n>=4573) Dead participants (1>=1093)  P-value
Age group, n (%) <0.0001
20-39 2322 (21.78,24.73) 26.63 (25.12,28.20) 270 (1.54,4.71)
40-59 39.61 (37.66,41.60) 4343 (41.29,45.59) 16.62 (13.30,20.58)
>59 37.16 (35.05,39.32) 29.94 (27.88,32.08) 80.67 (76.59,84.20)
Gender, n (%) 0.0418
Male 52.30(50.83,53.77) 51.68 (50.13,53.23) 56.03 (51.99,59.99)
Female 47.70 (46.23,49.17) 48.32 (46.77,49.87) 43.97 (40.01,48.01)
Race/ethnicity, n (%) <0.0001
Non-Hispanic white 73.76 (71.00,76.36) 72.16 (69.31,74.85) 83.42 (79.03,87.04)
Non-Hispanic black 452 (3.81,5.35) 456 (3.82,5.44) 430(3.13,5.87)
Hispanic 10.36 (8.66,12.35) 11.27 (9.47,13.37) 4.86 (3.28,7.14)
Other 11.36 (10.00,12.87) 12.01(10.48,13.73) 743 (5.35,10.23)
Education levels, n (%) <0.0001
Less than High school 18.35 (16.67,20.15) 16.27 (14.55,18.14) 30.88 (26.84,35.23)
High school or equivalent 2529 (23.25,27.46) 2448 (22.22,26.89) 30.22 (26.42,34.30)
College or above 56.36 (53.91,58.78) 59.26 (56.65,61.81) 3891 (34.6843.31)
Family income-poverty ratio, n (%) <0.0001
<1.0 21.04(19.43,22.74) 20.12(1843,21.91) 26.60(22.61,31.00)
1.0-3.0 37.25(35.20,39.34) 35.93(33.74,38.17) 45.22 (41.26,49.25)
>3.0 41.71(39.20,44.27) 43.96 (41.17,46.78) 28.18 (24.26,32.47)
Marital status, n (%) <0.0001
Married 68.52 (66.53,70.44) 69.82 (67.63,71.92) 60.71 (56.32,64.94)
Separated 20.09 (18.64,21.62) 17.65 (16.23,19.17) 34.82 (30.25,39.68)
Never married 11.39(10.08,12.84) 12,54 (11.08,14.15) 447 (2.73,7.24)
BMI group, n (%) 0.0026
<25 15.21(13.92,16.59) 14.49 (13.05,16.06) 19.50(16.81,22.51)
25-30 3049 (28.74,32.30) 30.29 (28.31,32.34) 31.71(28.20,35.44)
>30 54.30(52.15,56.44) 55.22(52.72,57.69) 48.79 (44.97,52.63)
Diabetes, n (%) <0.0001
Yes 15.97 (14.48,17.58) 13.69(12.29,15.22) 29.67 (25.52,34.19)
No 84.03 (82.42,85.52) 86.31(84.78,87.71) 70.33 (65.81,74.48)
Hypertension, n (%) <0.0001
Yes 43.97 (41.73,46.24) 41.16 (38.77,43.59) 60.93 (56.20,65.46)
No 56.03 (53.76,58.27) 58.84 (56.41,61.23) 39.07 (34.54,43.80)
Hyperlipidemia, n (%) <0.0001
Yes 46.23 (44.16,48.31) 4440 (42.09,46.73) 57.28 (53.60,60.88)
No 53.77 (51.69,55.84) 55.60(53.27,57.91) 42.72 (39.12,46.40)
Smoking status, n (%) <0.0001
Current smokers 1647 (15.04,18.01) 16.21 (14.67,17.88) 18.06 (14.65,22.06)
Former smokers 31.95 (29.89,34.08) 29.98 (27.66,32.41) 43.79 (39.65,48.03)
Never smokers 58 (49.62,53.54) 53.81 (51.56,56.05) 38.14 (33.98,42.49)
BMI, kg/m2 32.02(31.70,32.34) 3224 (31.87,32.61) 30.66 (30.15,31.17) <0.0001
Daily calorie intake, kcal/d 2078.65 (2050.46,2106.83)  2125.98 (2095.09,2156.87) 1793.43 (1749.19,1837.68) <0.0001
ALT, U/L 28.79(28.17,2941) 29.31 (28.66,29.96) 25.65(23.91,27.39) 0.0002
AST, U/L 26.90 (26.30,27.50) 26.60 (26.02,27.18) 28.71(26.22,31.20) 0.1133
HDL, mg/dL 50.02 (49.49,50.54) 50.39 (49.80,50.98) 47.78 (46.87,48.70) <0.0001
LDL, mg/dL 114.82 (113.40,116.25) 114.84(113.33,116.35) 11473 (111.79,117.66) 0.9438
TG, mg/dL 161.24 (157.61,164.86) 160.60 (156.48,164.72) 165.10 (158.11,172.10) 0.2887
TC, mg/dL 196.93 (195.21,198.65) 197.21 (195.40,199.02) 195.27 (191.82,198.73) 0.2882
ALBI score —2.86 (—2.88,—2.85) —2.88(-2.90,-2.87) —2.74(=2.77,-2.72) <0.0001

Abbreviations: MAFLD Metabolic Associated Fatty Liver Disease, NHANES National Health and Nutrition Examination Survey, BMI/ Body mass index, ALT Alanine
aminotransferase, AST Asparate aminotransferase, TC Total cholesterol, TG Triglyceride, LDL Low-density lipoprotein cholesterol, HDL High-density lipoprotein
cholesterol, ALBI Albumin-bilirubin score
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Table 2 Hazard ratios for all-cause mortality by ALBI Tertiles in MAFLD patients
ALBI Model 1 Model 2 Model 3

HR 95% ClI P-value HR 95% ClI P-value HR 95% ClI P-value
Continuous? 3.98 2.69,5.88 <0.001 3.26 2.26,4.71 <0.001 293 2.02,4.24 <0.001
Categorical®
Q1 1.00 - - 1.00 - - 1.00 - -
Q2 1.58 1.24,2.02 <0.001 1.34 1.07,1.68 0.010 1.32 1.05,1.65 0.016
Q3 243 1.90,3.11 <0.001 1.79 148,216 <0.001 1.74 142,212 0.001
P for trend <0.001 <0.001 <0.001

HR Hazard ratio, C/ Confidence interval
Model 1: Non-adjusted
Model 2: Adjusted for Gender, Age, Race, Education, Marital status, PIR

Model 3: Adjusted for Age, Age group, Gender, race, Education, Marital status, PIR, BMI, BMI group, Smoking, Total caloric intake, Hypertension, High cholesterol,

Diabetes,, ALT, AST, TC, TG, LDL, HDL
@Each 1 unitincrease in ALBI
bQ1: < —2.96; Q2: ~2.96 < ALBI < -2.70; Q3:2-2.70

<

Log HR for mortality

40 35 3.0

25 20 1.5 -1.0

ALBI

Fig. 2 Smooth curve fitting of the relationship between ALBI and all-cause mortality

Calibration curves revealed excellent agreement
between predicted and observed mortality prob-
abilities across all timepoints (Fig. 5A—C). The 1-year
calibration showed near-perfect alignment (Hosmer-
Lemeshow P=0.32), with maintained concordance at 2
years (P=0.25) and 3 years (P=0.28), supporting model
reliability for longitudinal risk stratification.

Discussion

The growing global burden of non-alcoholic fatty liver
disease (MAFLD) necessitates reliable prognostic tools,
particularly given its strong metabolic comorbidities
and progressive nature. Our analysis revealed a clear
independent association between albumin-bilirubin
(ALBI) grading and mortality risk in MAFLD popula-
tions, thereby establishing its clinical utility for outcome
prediction. Unlike conventional approaches dependent
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Table 3 Threshold effect analysis of ALBI score on all-cause
mortality in MAFLD patient

Adjusted HR (95% Cl),P-value?
2.74(2.17,3.46) <0.0001
Fitting by the two-piecewise linear model
Inflection point —2.69
ALBI < -2.69 1.55(1.05,2.30) 0.0272
ALBI >—2.69 4.86(3.32,7.11) <0.0001
P for Log-likelihood ratio 3.13 (1,65, 5.94) 0.0005
ALBI Albumin-Bilirubin Score, HR Hazard Ratio, C/ Confidence Interval

2Adjusted for Age, Age group, Gender, race, Education, Marital status, PIR,
BMI, BMI group, Smoking, Total caloric intake, Hypertension, High cholesterol,
Diabetes, ALT, AST, TC, TG, LDL, HDL

Fitting by the standard linear model

on isolated biochemical parameters, this investigation
pioneers the application of ALBI stratification within
a nationally representative NHANES cohort (2003-
2018), demonstrating superior prognostic performance
through advanced survival modeling. Adjusted multi-
variate regression models confirmed a dose-dependent
mortality pattern, with patients in upper ALBI tertile
showing 1.74-fold increased mortality risk (95% CI
1.42-2.12) compared to baseline. Notably, each ALBI
unit increment corresponded to near-tripled mortality
hazard (HR=2.93, 95% CI 2.02—4.24), with accelerated

ALBI

P<0.001

Survival probability

0.001

Q1 — Q2 —
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risk progression observed beyond the —2.69 threshold.
These findings advocate for ALBI integration into stan-
dard clinical algorithms to facilitate risk-adapted sur-
veillance protocols.

Our results align with emerging evidence on ALBI’s
prognostic capacity while addressing critical knowl-
edge gaps. Cross-validation with international cohorts
confirms ALBIs effectiveness in survival stratification
across chronic liver diseases [26-30], particularly its
predictive value for hepatic decompensation events
(n=490 cohort analysis) [31]. However, observed dis-
crepancies in cardiovascular mortality associations
[32] underscore the need for etiology-specific mortality
analyses, potentially reflecting population heterogene-
ity or methodological variations in endpoint ascertain-
ment. The mechanistic plausibility of our findings stems
from ALBIs dual reflection of hepatic synthetic (albu-
min) and excretory (bilirubin) functions—key determi-
nants compromised in progressive MAFLD [33]. This
biological rationale supports ALBI's superiority over
single-parameter assessments in capturing multidimen-
sional liver dysfunction.

Methodologically, this study employed rigorous
analytic approaches to ensure robust conclusions.

T T

0 50

100 150 200

Follow up time (months)

Number at risk
. 13
— | 1921 1490

— | 1947 1456

1019 534 48

0 50

100 150 200

Follow up time (months)

Fig. 3 Kaplan-Meier analysis of all-cause mortality by tertile of ALBI (Q1-Q3) in participants with MAFLD. The survival probabilities are tracked over a
median follow-up of 8.5 years, and the number of participants at risk at various time points is presented below the graph



Zhou et al. BMC Gastroenterology (2025) 25:561

Page 9 of 12

>

06 08
L L
0.6
I

Sensitivity

Sensitivity
04

04
L

AUC: 0.715

o o
© E=3

0.2
L
0.2
I

0.6
I

Sensitivity

04
1

AUC: 0.646 v

0.2

T T T - T T T T T T

< T T T T T = T
0.4 0.6 08 1.0 0.0 0.2
Specificity

0.4 0.6
Specificity

0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
Specificity

Fig. 4 ALBI-Based Mortality Prediction ROC Analysis in MAFLD, A 1-Year (AUC=0.715, 0.68-0.75), B 2-Year (AUC=0.646, 0.60-0.69), C 3-Year (AUC=0.652,

0.61-0.70)

A

8 _ T T T T T [T T_T T 1T
]
28 /
= o
g -
@ 3 \ /
o o
E
= N~
237 |
©
@ 4
=
T T T T T
0.960 0.965 0.970 0.975 0.980
Predicted Probability
C T T T T T T | T T T T T
5 i
o -
= T % I
2817 T
S o
38
° &
x o
R
T o
<
o
o 4
o
@
@
o T T T T T

0.960 0.965 0.970 0.975 0.980
Predicted Probability

B s
S T T T T I T T T T T
¥\

£y 1/ —]
o o '[ T - I
@©
S T/ 1
o ©
— o -
g S T
53]
<

<

=)

o

T T T T T
0.960 0.965 0.970 0.975 0.980

Predicted Probability

Fig. 5 Validation of the Calibration Curves for the Prediction Model, A) 1-Year, B) 2-Year, C) 3-Year

Multivariable-adjusted Cox proportional hazards models
accounted for 27 demographic, metabolic, and lifestyle
covariates, maintaining statistical significance across
all sensitivity analyses. Survival curve analyses revealed
temporal divergence in mortality outcomes, with high-
ALBI subgroups showing 38% reduced 10-year survival
compared to low-grade counterparts. The linear expo-
sure-response relationship persisted across alternative
modeling strategies, including restricted cubic spline
and quartile-based analyses. Such methodological con-
sistency strengthens causal inference regarding ALBI’s
prognostic relevance in MAFLD progression.

In clinical practice, the ALBI score's utility could pri-
marily revolve around the following aspects: ‘Risk Strati-
fication and Tailored Surveillance: The ALBI score can
serve as a robust tool for risk stratification. Patients with
higher ALBI scores, especially those surpassing the iden-
tified inflection point of -2.69, may necessitate more
intensive monitoring for both liver-related complications
and overall mortality. This could translate into a need for
more frequent clinical visits, laboratory assessments, and
advanced imaging surveillance. Such a targeted approach
would help optimize resource allocation and efficiently
identify high-risk individuals who require closer clinical
attention. Guiding Therapeutic Intervention: An elevated
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ALBI score could act as a critical trigger for escalating
therapeutic interventions. This might include recom-
mending more aggressive lifestyle modifications, initiat-
ing specific pharmacological treatments, or prompting
timely referral to a hepatologist for advanced liver dis-
ease management and potential consideration for clini-
cal trial enrollment. By identifying patients most likely to
benefit, the ALBI score can empower clinicians to imple-
ment early and decisive therapeutic strategies. Enhancing
Patient Communication and Shared Decision-Making:
The inherent simplicity and strong prognostic capability
of the ALBI score can significantly improve patient-pro-
vider communication. It allows for a clearer explanation
of an individual's specific risk profile, thereby empower-
ing patients to become more actively involved in under-
standing and adhering to their personalized management
plan.

It should be emphasized that, as an observational
study, the association between ALBI score and mortal-
ity identified herein cannot be interpreted as causal,
and elevated ALBI scores may simply represent mark-
ers of advanced liver disease or systemic comorbidi-
ties. While our findings suggest that ALBI scores have
moderate predictive performance for all-cause mortal-
ity in MAFLD patients, particularly at ALBI > -2.69,
with an AUC of 0.715 for 1-year mortality, the clini-
cal utility of ALBI scores in routine practice should be
approached with caution. The moderate AUC values
(0.64-0.71) indicate that ALBI scores, while significant,
have limitations in their predictive accuracy. There-
fore, clinicians should consider these limitations when
using ALBI scores for risk stratification and decision-
making. Specifically, ALBI scores should not be used
in isolation but rather in conjunction with other clini-
cal assessments and diagnostic tools to provide a
more comprehensive evaluation of patient risk. Future
research, including prospective intervention studies
and validation in diverse populations, is needed to fur-
ther establish the clinical applicability and robustness
of ALBI scores in MAFLD management.

Although our study demonstrates a significant asso-
ciation between ALBI scores and all-cause mortality
in MAFLD patients, the generalizability of these find-
ings is limited by the specific characteristics of the
NHANES cohort used in this analysis. The NHANES
dataset, while nationally representative of the U.S.
population, may not fully capture the diversity of
MAFLD patients in other regions or healthcare set-
tings. Therefore, our findings should be interpreted
with caution when considering their application to
other populations. Future research should prioritize
external validation studies in diverse cohorts, includ-
ing those with different ethnic compositions, health-
care systems, and disease severities. Such validation
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efforts are crucial to confirm the robustness and appli-
cability of ALBI scores as a prognostic tool in various
clinical contexts. Additionally, further studies should
explore the potential impact of regional variations in
lifestyle, environmental factors, and healthcare access
on the predictive performance of ALBI scores.

Several study limitations merit consideration. First,
the diagnostic reliance on the US-FLI algorithm, a
non-invasive MAFLD indicator, rather than histo-
pathological confirmation or imaging modalities, may
introduce spectrum bias and potential misclassifica-
tion. While the US-FLI is practical for large epide-
miologic datasets like NHANES, it may not perfectly
capture all cases of MAFLD and could lead to both
false positive and false negative classifications. Future
studies should consider validating these findings using
more accurate diagnostic methods, such as liver ultra-
sound or higher FLI cutoffs. Second, although we
adjusted for key confounders, residual confounding
from unmeasured variables (e.g., pharmacotherapy,
environmental toxins) remains possible. Third, the
observational design precludes definitive causal con-
clusions, necessitating validation through prospective
intervention studies. Future investigations should pri-
oritize multi-ethnic validation cohorts and incorporate
emerging biomarkers (e.g., cytokeratin-18, FibroScan®
parameters) to enhance prognostic modeling preci-
sion. Fourth, we did not directly compare the prog-
nostic performance of ALBI with that of established
indices (such as FIB-4, NFS, or other markers reflect-
ing liver fibrosis or nutritional status). Consequently,
based solely on our findings, we cannot definitively
determine the incremental prognostic value of ALBI
relative to these conventional scores. Fifthly, it's pos-
sible that due to data imputation, our analytical sample
differs from the complete MAFLD population within
NHANES with respect to health status or other char-
acteristics. Sixthly, the prognostic performance of
ALBI score in our community-based NHANES cohort
using laboratory-defined MAFLD criteria may differ
from clinically diagnosed MAFLD populations, partic-
ularly in hepatology-referred patients with established
fibrosis progression. Further validation in biopsy-
proven MAFLD cohorts is warranted to clarify its clin-
ical utility across different healthcare settings.

Conclusion

In summary, this large-scale epidemiologic investigation
establishes ALBI grading as a significant predictor of all-
cause mortality in MAFLD, with critical risk stratification
value at the-2.69 cutoff. The demonstrated exposure-
response relationship and consistent survival differences
underscore ALBI's clinical relevance for guiding thera-
peutic intensification and surveillance intervals. These
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findings support the consideration of ALBI in existing
MAFLD management frameworks and offer actionable
insights for personalized care pathways, pending further
validation. Subsequent research directions should focus
on mechanistic studies elucidating ALBI's pathophysi-
ological determinants and multicenter trials evaluating
ALBI-guided intervention efficacy.
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