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KEYWORDS ABSTRACT:
Background: Metabolic dysfunction-associated steatotic liver disease (MASLD) is strongly

Metabolic associated with dyslipidemia. The apolipoprotein B/A1 ratio may provide superior metabolic risk
dysfunction- assessment compared to conventional lipid parameters.

associated Aim: To assess apolipoprotein B, Al levels and the B/A1 ratio in MASLD patients and evaluate their
steatotic liver association with disease severity.

disease; MASLD; Methods: This cross-sectional study enrolled 150 MASLD patients at a tertiary care center in South
Avoli tei India. Clinical evaluation, anthropometry, conventional lipid profile, apolipoprotein measurements,
polipoprotein . . . .
i ultrasonography, and transient elastography (FibroScan) were performed. Correlation analysis,
B; ) ) multiple regression, and ROC curve analysis were conducted.
Apolipoprotein Results: Mean age was 48.31+11.42 years with 61.3% males. Comorbidities included hypertension
Al; (88%), diabetes (84%), and dyslipidemia (81.3%). Lean MASLD comprised 23.3% of patients;
Dyslipidemia; 34.3% of lean patients had elevated Apo B/A1 ratio. Mean Apo B/A1 ratio was 1.14+0.34, with 60%
having high cardiovascular risk (ratio >1.0). The ratio correlated strongly with controlled attenuation
parameter (r=0.532, p<0.001) and liver stiffness (r=0.392, p<0.001). Notably, 10.7% had normal
conventional lipids but elevated Apo B/A1 ratio. Dyslipidemia was the strongest predictor (OR 3.84,
95% CI 2.12-6.96), while normal lipids with increased ratio independently predicted MASLD risk
(OR 2.67, 95% CI 1.23-5.79). ROC analysis showed AUC of 0.682 for moderate-severe steatosis and
0.714 for patients with normal lipids but metabolic risk.
Conclusion: Apo B/A1l ratio is a valuable biomarker for MASLD severity, identifying high-risk
phenotypes including lean MASLD and metabolic dysfunction despite normal conventional lipids.

INTRODUCTION historically known as non-alcoholic fatty liver disecase
(NAFLD), represents the most common chronic liver
disease worldwide, affecting 25-30% of the global
population.’,> In June 2023, an international multi-
society Delphi consensus introduced the MASLD

Metabolic dysfunction-associated steatotic liver disease
(MASLD), recently renamed from metabolic
dysfunction-associated fatty liver disease (MAFLD) and
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nomenclature, emphasizing metabolic dysfunction as
the core pathophysiological feature while reducing
stigmatizing terminology.® This study, initiated under
MAFLD terminology, adopts the current MASLD
nomenclature while recognizing that diagnostic criteria
remain fundamentally consistent.

The global burden of MASLD continues to escalate
parallel to obesity and diabetes epidemics, with
projections indicating substantial increases in disease
prevalence and associated complications through 2030.4
In South Asia, including India, MASLD prevalence is
particularly concerning due to unique metabolic
phenotypes characterized by higher susceptibility to
metabolic dysfunction at lower body mass index (BMI)
thresholds compared to Western populations.® Meta-
analyses estimate MASLD prevalence in India at
approximately 38.6%, with strong associations with
diabetes mellitus, hypertension, and dyslipidemia.®’

The disease spectrum ranges from simple steatosis to
metabolic dysfunction-associated steatohepatitis
(MASH), advanced fibrosis, and cirrhosis. Importantly,
MASLD is associated with increased cardiovascular
mortality independent of traditional risk factors, with
cardiovascular disease representing the leading cause of
death in these patients.®,® The presence and stage of
liver fibrosis represents the most critical prognostic
factor, making accurate non-invasive assessment of
disease severity paramount for risk stratification.'°

Dyslipidemia constitutes a cardinal feature of MASLD
pathophysiology, present in 70-80% of affected
individuals."! The characteristic pattern includes
elevated triglycerides, reduced high-density lipoprotein
(HDL) cholesterol, increased small dense low-density
lipoprotein (LDL) particles, and elevated apolipoprotein
B (Apo B) levels.'? However, conventional lipid
parameters provide incomplete information about
atherogenic risk, reflecting cholesterol mass rather than
lipoprotein particle number.'?

Apolipoprotein B represents the primary structural
protein in all atherogenic lipoproteins (very low-density
lipoproteins, intermediate-density lipoproteins, LDL,
and lipoprotein(a)). Each atherogenic particle contains
exactly one Apo B molecule, making Apo B
concentration a direct measure of total atherogenic
particle number.’* Apolipoprotein Al (Apo Al)
constitutes the major protein component of HDL
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particles, reflecting reverse cholesterol transport
capacity.’” The apolipoprotein B/Al ratio integrates
information about both atherogenic burden and
protective mechanisms, potentially providing superior
cardiovascular and metabolic risk assessment compared
to conventional lipid parameters.'¢,"”

Emerging evidence links apolipoprotein abnormalities
with MASLD presence and severity. Studies have
demonstrated that elevated Apo B/Al ratio is
significantly associated with MASLD risk across
different lipid profiles and BMI categories, with the
highest tertile showing 3-4 fold increased odds
compared to the lowest tertile.'s,'* This association
persists even in individuals with normal conventional
lipid profiles, suggesting that apolipoprotein
dysregulation represents a distinct pathophysiological
pathway operating independently of conventional
dyslipidemia.?®?!

Despite emerging evidence, critical gaps remain. Most
studies have been conducted in East Asian populations,
with limited data from South Asian cohorts despite their
unique metabolic phenotypes. The relationship between
apolipoprotein  abnormalities and liver fibrosis
progression remains incompletely characterized. The
clinical utility of Apo B/A1 ratio for identifying high-
risk phenotypes such as lean MASLD and individuals
with occult metabolic risk requires systematic
evaluation. Optimal cut-off values for clinical
application have not been established.

We designed this study to systematically evaluate
apolipoprotein B, Al, and the B/Al ratio in MASLD
patients at a tertiary care center in South India,
examining their associations with disease severity
markers and evaluating their performance for
identifying high-risk phenotypes.

AIMS

Primary Objective: To assess serum apolipoprotein B
and apolipoprotein Al levels in patients with metabolic
dysfunction-associated steatotic liver disease.

Secondary Objectives: To evaluate the apolipoprotein
B/A1 ratio and its association with MASLD severity
indicators; to identify patients with occult metabolic
risk despite normal conventional lipids; and to
determine the discriminative ability of Apo B/Al ratio
for predicting disease severity.
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MATERIALS AND METHODS
Study Design and Setting

This cross-sectional observational study was conducted
at the Department of Medical Gastroenterology, JSS
Medical College and Hospital, Mysuru, Karnataka,
India, from January 2023 to June 2024. The study was
approved by the Institutional Ethics Committee
(approval number: JSSMC/IEC/02/2023) and conducted
according to Declaration of Helsinki principles. Written
informed consent was obtained from all participants.

Study Population and Sample Size

Consecutive patients diagnosed with MASLD attending
the outpatient and inpatient departments were enrolled.
Sample size was calculated based on 26% MASLD
prevalence in Indian studies,® using the formula: n = Z?
x P x Q / D? where Z=1.96, P=0.26, Q=0.74, and
D=0.07, yielding n=150.

Eligibility Criteria

Inclusion criteria: Patients aged >18 years with
MASLD diagnosed by hepatic steatosis on
ultrasonography plus evidence of metabolic dysfunction
(overweight/obesity [BMI >23 kg/m?], type 2 diabetes,
or >2 metabolic risk factors including waist
circumference >90 cm [men] or >80 cm [women],
blood pressure >130/85 mmHg, triglycerides >150
mg/dL, HDL <40 mg/dL [men] or <50 mg/dL [women],
or prediabetes).

Exclusion criteria: Age <18 years; excessive alcohol
consumption (>30 g/day men, >20 g/day women); other
chronic liver diseases (viral hepatitis, autoimmune
hepatitis, Wilson disease, hemochromatosis); current
lipid-lowering medication use; decompensated liver
disease; malignancy; severe systemic illness;
pregnancy/lactation; unwillingness to participate.

Data Collection and Measurements

Demographic data, medical history, and physical
examination were recorded using standardized forms.
Anthropometric measurements included height, weight,
and waist circumference were done using calibrated
instruments. BMI was calculated and classified
according to Asian criteria: normal (<23 kg/m?),
overweight (23-24.9 kg/m?), obese (>25 kg/m?).
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Laboratory Investigations

After 8-10 hours overnight fasting, venous blood
samples were collected. Complete blood count, liver
function tests (AST, ALT, total bilirubin, albumin),
renal function tests, glycemic parameters (fasting
glucose, postprandial glucose, HbAlc), and viral
serology (HBsAg, anti-HCV) were performed using
automated analyzers.

Fasting lipid profile included total cholesterol,
triglycerides, HDL cholesterol, and calculated LDL
cholesterol (Friedewald formula). Dyslipidemia was
defined per NCEP ATP III guidelines.

Apolipoprotein measurements: Serum Apo B and Apo
Al levels were measured using immunoturbidimetric
assay. Apo B/A1 ratio was calculated and categorized:
low risk (<0.8), moderate risk (0.8-1.0), high risk
(>1.0).

Radiological Investigations

Ultrasonography: Hepatic steatosis was assessed using
high-resolution ultrasound and graded: Grade I (mild),
Grade II (moderate), Grade III (severe) based on liver
echogenicity, vascular blurring, and beam attenuation.

Transient elastography (FibroScan): Controlled
attenuation parameter (CAP, dB/m) quantified steatosis:
SO (<238), S1 (238-259), S2 (260-290), S3 (>290).
Liver stiffness measurement (LSM, kPa) assessed
fibrosis: FO (<6.0), F1 (6.0-7.9), F2 (8.0-9.9), F3 (10.0-
13.9).

Statistical Analysis

Data were analyzed using SPSS version 28.0.
Continuous variables were expressed as mean+SD and
median (IQR). Categorical variables were expressed as
frequencies and percentages. Independent samples t-test
compared two groups; one-way ANOVA compared
multiple groups. Chi-square test compared categorical
variables. Pearson correlation assessed relationships
between continuous variables. Multiple linear
regression identified predictors of Apo B/Al ratio.
Binary logistic regression calculated odds ratios for
high Apo B/A1 ratio. ROC curve analysis evaluated
discriminative ability, calculating AUC, sensitivity,
specificity, PPV, and NPV. P<0.05 was considered
significant.
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RESULTS
Demographic and Clinical Characteristics

A total of 150 MASLD patients were included. The
mean age was 48.31+11.42 years (median 49, range 31—
69). 62% patients were aged 41-60 years. Males
comprised 61.3% (n=92), females 38.7% (n=58), giving
aratio of 1.6:1.

Metabolic comorbidities were highly prevalent:
hypertension in 88%, diabetes in 84%, and dyslipidemia
in 81.3%. Among 28 patients (18.7%) with normal lipid
profiles, 16 (10.7%) had elevated Apo B/Al ratio, while
only 12 (8%) had both normal lipids and normal ratio.

Anthropometric and Body Composition

Mean BMI was 26.03+4.62 kg/m?> and waist
circumference 91.19+6.75 cm. Of 150 patients, 35
(23.3%) were lean (BMI <23 kg/m?), 46 (30.7%)
overweight, and 69 (46%) obese—indicating 76.7%
were overweight or had obesity.

Lean MASLD Phenotype

Among 35 lean MASLD patients, 12 (34.3%) exhibited
elevated Apo B/A1 ratio despite normal BMI, while 23
(65.7%) had normal ratio, showing that one-third of
lean patients demonstrated metabolic dysfunction.

Hepatic Steatosis and Fibrosis

Ultrasound grades revealed Grade II fatty liver in
45.3%, Grade I in 36%, and Grade III in 18.7%.
Overall, 64% had moderate to severe steatosis (Grades
TI-111).

Mean CAP was 289.474+34.82 dB/m, with SO in 4.7%,
S1 in 17.3%, S2 in 39.3%, and S3 in 38.7%, indicating
78% with moderate to severe steatosis (S2—S3).

Mean liver stiffness (LSM) was 8.41+2.50 kPa. Fibrosis
stages were FO (7.3%), F1 (19.3%), F2 (43.3%), and F3
(30.0%), with 73.3% showing F2-F3 (significant to
advanced fibrosis).

Laboratory Parameters

Mean AST was 49.35424.82 U/L and ALT 62.81+38.53
U/L. Lipid analysis showed mean total cholesterol
211.23452.76 mg/dL, triglycerides 183.954+56.12
mg/dL, HDL 42.47+10.42 mg/dL, and LDL
128.31+36.42 mg/dL.

351

Apolipoprotein Profile

Mean Apo B was 107.29421.53 mg/dL, Apo Al was
94.53+16.78 mg/dL, and Apo B/Al ratio 1.14+0.34.
Based on ratio categories, 16.7% were low-risk (<0.8),
23.3% moderate-risk (0.8-1.0), and 60% high-risk
(>1.0), making 83.3% moderate-to-high risk for
cardiovascular disease overall.

Association with Demographic Variables

No significant difference was observed in Apo B/Al
ratio across age groups (p=0.447). Males had slightly
higher mean ratio (1.16+0.35) than females (1.10+0.32,
p=0.057).

Association with Clinical Parameters

BMI showed a non-significant trend (p=0.122).
Significant associations were observed for hypertension
(higher ratio 1.16£0.34 vs 1.05+0.32; p=0.016),
diabetes (1.17£0.34 vs 1.04+0.31; p=0.004), and
dyslipidemia (1.18+£0.33 vs 0.96+0.28; p<0.001).
Among normal lipid patients with elevated ratio, mean
was 1.14+0.15.

Association with MASLD Severity

Apo B/AL ratio increased significantly with ultrasound
grade (p<0.001): Grade I (1.05+0.32), Grade II
(1.14+0.33), and Grade III (1.26+0.35).

This pattern persisted after lipid stratification. In
dyslipidemic patients (p=0.001), ratios rose from 1.08
(Grade I) to 1.17 (Grade II) to 1.29 (Grade III). In
normal lipid patients (p=0.048), ratios increased from
0.92 to 0.97 to 1.06, reflecting consistent severity
correlation.

Correlation Analysis

Apo B correlated with CAP (1=0.426) and LSM
(r=0.318); LDL with CAP (r=0.389) and LSM
(r=0.294). Apo Al and HDL correlated negatively with
CAP (r=-0.342 and -0.365) and LSM (r=-0.287 and -
0.276). Apo B/Al ratio showed the strongest
associations—CAP (r=0.532, p<0.001) and LSM
(r=0.392, p<0.001)—outperforming all other lipid
indices.
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Figure 1: Correlation of all lipid markers with Fibroscan parameters (CAP and LSM)
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Multiple Linear Regression

Regression with Apo B/Al ratio as dependent variable
confirmed model significance (R?>=0.428; p<0.001).
Dyslipidemia ($=0.189, p<0.001) and CAP ($=0.004,
p<0.001) were independent predictors. Age, sex, BMI,
diabetes, and hypertension were not significant after
adjustment.

ROC Analysis

In the total cohort, Apo B/A1 ratio predicted moderate-
severe steatosis (AUC 0.682; cut-off >1.10) with 72.9%
sensitivity and 59.3% specificity; for significant fibrosis
(AUC 0.641; cut-off >1.12) with 68.2% sensitivity and
57.5% specificity.

Stratification enhanced performance:

e Dyslipidemic patients: AUC 0.698 (cut-off
>1.15) for steatosis; 0.656 (cut-off >1.16) for
fibrosis.

e Normal lipid patients: AUC 0.623 (cut-off
>(0.95) for steatosis, and in those with raised
ratio, AUC 0.714 (cut-off >1.05), showing
good discrimination in this high-risk subgroup.

Figure 2 : ROC Curves of ApoB/ApoAl ratio with
MASLD prediction

ROC Curves for Apo B/A1 Ratio - MASLD Prediction

Sensitivity (True Positive Rate)

1 - specificity {False Positive Rate)

Lipid Parameter Progression

All lipid variables worsened with ultrasound grade.
LDL rose from 118.4 to 130.2 to 139.6 mg/dL
(p=0.022); Apo B from 99.8 to 108.2 to 116.6 mg/dL
(p=0.002). HDL decreased from 45.6 to 38.1 mg/dL
(p=0.006), Apo Al from 99.9 to 88.0 mg/dL (p=0.004),
and Apo B/A1 ratio rose from 1.05 to 1.26 (p<0.001).
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Risk Factor Analysis

Binary logistic regression identified dyslipidemia as the
strongest predictor of elevated Apo B/Al ratio (OR
3.84, p<0.001). Combined factors increased risk:
dyslipidemia with diabetes (OR 4.26), hypertension
(OR 3.95), and obesity (OR 4.12) (all p<0.001).
Importantly, normal lipids with elevated ratio
independently predicted MASLD risk (OR 2.67,
p=0.013). Age and sex were not significant predictors.

Figure 3: Multivariate analysis of ApoB/ApoAl ratio

Multivariate Forest Plot for Apo B/A1 ROC Analysis

Apo BYAL (All, Steatosis) -
Apo BAL {All, Fibrosis) f
Apo BIAL (Dyslipidemia, Steatosis) -
Apo BIA1 (Dyslipidemia, Fibrosis) -
Apo B/A1 (Normal Lipids, Steatosis) f -

Apa B/AL (Normal Lipids, T Ratio) b

AUC (95% Confidence Interval

TABLES

Table 1: Baseline Demographic and Clinical
Characteristics of Study Population (N=150)

Parameter Value

Age (years)

Mean = SD 48.31+11.42
49. 40.0-

Median (IQR) 52-8) (40.0

Range 31-69

Age distribution, n (%)

31-40 years 42 (28.0)
41-50 years 48 (32.0)
51-60 years 45 (30.0)
>60 years 15 (10.0)
Gender, n (%)

Male 92 (61.3)
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Parameter Value
Hypertension 132 (88.0)
Diabetes mellitus 126 (84.0)
Dyslipidemia 122 (81.3)
Lipid status, n (%)

Dyslipidemia 122 (81.3)
Normal lipids 28 (18.7)

Parameter Value
Female 58 (38.7)
BMI (kg/m?)

Mean + SD 26.03 +4.62
BMI categories, n (%)

Normal (<23) 35(23.3)
Overweight (23-24.9) 46 (30.7)
Obese (>25) 69 (46.0)
Waist circumference (cm), Mean + 91.19 = 6.75

SD

Normal lipids with increased Apo
B/A1

16 (10.7)

Normal lipids with normal Apo B/A1

12 (8.0)

Comorbidities, n (%)

Table 2: Apolipoprotein Profile and Disease Severity Markers (N=150)

Parameter Mean = SD  |[Median (IQR) Range
Apolipoprotein parameters

Apo B (mg/dL) 107.29 +21.53|{108.0 (89.0-124.0) ||69-145
Apo Al (mg/dL) 94.53 +£16.78 {|92.0 (85.0-102.0) |[74-130
Apo B/Al ratio 1.14+0.34 1.17 (0.94-1.35) 0.40-1.70

Apo B/Al risk categories, n (%)

Low risk (<0.8) 25 (16.7)
Moderate risk (0.8-1.0) 35(23.3)
High risk (>1.0) 90 (60.0)

Conventional lipid parameters

Total cholesterol (mg/dL)

211.23 +52.76

194.0 (168.0-239.0)|(121-333

Triglycerides (mg/dL)

183.95 £ 56.12

171.0 (141.0-225.0)|/108-294

HDL cholesterol (mg/dL)

42.47 +10.42

39.0 (35.0-50.0)

27-66

LDL cholesterol (mg/dL)

128.31 £36.42

118.0 (99.0-147.0)

70-236
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Parameter Mean = SD  |[Median (IQR) Range

Liver enzymes

AST (U/L) 49.35 +24.82 [43.0 (33.0-57.0)  |[23-123

ALT (U/L) 62.81 +38.53 {|50.0 (38.0-74.0) 30-192

FibroScan parameters

CAP (dB/m) 289.47 + 34.82|[286.4 (263.4-304.4)||-
LSM (kPa) 8.41 £2.50 8.2 (6.78-9.87) -
USG grading, n (%)

Grade | 54 (36.0)

Grade 11 68 (45.3)

Grade I1I 28 (18.7)

Fibrosis stage, n (%)

FO 11 (7.3)
F1 29 (19.3)
F2 65 (43.3)
F3 45 (30.0)

Abbreviations: Apo, Apolipoprotein; HDL, High-density lipoprotein; LDL, Low-density lipoprotein; AST, Aspartate
aminotransferase; ALT, Alanine aminotransferase; CAP, Controlled attenuation parameter; LSM, Liver stiffness
measurement; USG, Ultrasonography

Table 3: Association of Apo B/A1 Ratio with Clinical Parameters

Variable Category Mean Apo B/A1 + SD||Test statistic||p-value
Age groups F=0.89 0.447
31-40 years 1.11 £ 0.36
41-50 years 1.15+0.32
51-60 years 1.14 £ 0.35
>60 years 1.12+0.33
Gender t=1.92 0.057
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Variable Category Mean Apo B/A1 + SD||Test statistic||p-value
Male 1.16 £ 0.35
Female 1.10£0.32

BMI categories F=2.13 0.122
Normal 1.09 + 0.31
Overweight 1.13+0.35
Obese 1.17+0.35

Hypertension t=2.44 0.016*
Yes 1.16 £0.34
No 1.05+0.32

Diabetes mellitus t=2.89 0.004*
Yes 1.17£0.34
No 1.04 £0.31

Lipid status t=4.62 <0.001*
Dyslipidemia 1.18 +£0.33
Normal lipids 0.96 + 0.28
Normal with fratio|{1.14 + 0.15

*Statistically significant (p<0.05)
Table 4: Association of Apo B/A1 Ratio with MASLD Severity Indicators

Severity indicator Category||Mean Apo B/A1 £ SD||Test statistic||p-value

USG grade (overall) F=28.24 <0.001*

GradeI ||1.05+0.32

Grade IT ||1.14+0.33

Grade 111 ||1.26 + 0.35

USG grade (dyslipidemia) F=6.89 0.001*

GradeI ||1.08 +£0.31

Grade IT ||1.17+£0.32
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Severity indicator Category||Mean Apo B/A1 + SD||Test statistic||p-value
Grade I1I ||1.29 + 0.34

USG grade (normal lipids) F=321 0.048*
Grade I /0.92 +0.26
Grade IT {|0.97 +0.28
Grade IIT ||1.06 = 0.30

*Statistically significant (p<0.05)

Table 5: Correlation Between Lipid Parameters and Fibroscan parameters

Lipid parameter||CAP (dB/m) LSM (kPa)
Pearson'sr ||p-value ||Pearson's r ||p-value
Apo B 0.426 <0.001*||0.318 <0.001*
Apo Al -0.342 <0.001%*|]-0.287 <0.001*
Apo B/A1 ratio ||0.532 <0.001*|/0.392 <0.001*
Total cholesterol [|0.367 <0.001*{|0.289 <0.001*
Triglycerides 0.398 <0.001*||0.312 <0.001*
LDL cholesterol {|0.389 <0.001%*{|0.294 <0.001*
HDL cholesterol {|-0.365 <0.001%*|]-0.276 <0.001*

*Statistically significant (p<0.05) CAP, Controlled attenuation parameter; LSM, Liver stiffness measurement

Table 6: ROC Analysis for Apo B/A1 Ratio in Predicting MASLD Severity

. Cut- ||Sensitivity Specificity PPV NPV
o,
Population ||Outcome AUC (95% CI) off %) %) (%) %)
All patients
M - .682 .598-
oderate-severe 0682 (05981 10 |l72.9 59.3 758 |[s5.2
steatosis 0.766)
0.641 0.554-
Significant fibrosis ( >1.12 ||68.2 57.5 78.4 44.2
0.728)
Dyslipidemia
Modergte-severe 0.698 (0.605- 115 |74 615 781 56.3
steatosis 0.791)
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. Cut- ||Sensitivity Specificity PPV NPV
Populat Out AUC (95% CI
opulation utcome (95% CI) %) %) %) %)
Significant fibrosis 0.656 (0.559- >1.16 {/69.8 58.3 80.2 44.7
0.753)
Normal
lipids
Modere.lte—severe 0.623 (0.438- >095 |l63.3 583 733 53.8
steatosis 0.808)
0.714 0.525-
With increased ratio 0.903) ( >1.05 |[75.0 66.7 75.0 66.7

AUC, Area under curve; CI, Confidence interval; PPV, Positive predictive value; NPV, Negative predictive value

DISCUSSION

This cross-sectional study of 150 MASLD patients in
South India demonstrates that the apolipoprotein B/A1
ratio represents a valuable biomarker for assessing
disease severity and cardiovascular risk. The data
highlight metabolic heterogeneity across phenotypes,
particularly within the lean MASLD subgroup,
providing new insights into lipid dysregulation in
MASLD.

Demographics and Metabolic Comorbidity Burden

Our cohort (mean age 48.3 years, 61.3% male) reflected
the global male predominance in MASLD (ratio 1.6:1)
and the highest prevalence among adults aged 41-60
years, underscoring socioeconomic implications. The
exceptionally high metabolic comorbidity burden—
hypertension (88%), diabetes (84%), and dyslipidemia
(81.3%)—exceeds Western data?? but is consistent with
South Asian trends*,** where metabolic syndrome
manifests at lower BMI thresholds. Factors contributing
include referral bias to tertiary centers, ethnic
susceptibility, and delayed diagnosis due to limited
resources.

The Lean MASLD Phenotype

Lean MASLD constituted 23.3% (35 patients) of our
cohort, with 34.3% (12 patients; 8% overall) showing
elevated Apo B/AI ratios despite normal BMI. This
agrees with Asian data reporting 20-35% lean MASLD
prevalence.?,?® The finding challenges BMI-based risk
models and aligns with reports that Apo B/Al ratio
independently associates with MASLD in non-obese
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individuals.?” Lean patients often evade metabolic
screening and present later with advanced fibrosis,
emphasizing the need for apolipoprotein assessment
beyond anthropometric indices—especially in South
Asian populations predisposed to metabolic dysfunction
at lower BMI values.

Apolipoprotein B/A1 Ratio: Primary Outcome Analysis

The mean Apo B/A1 ratio (1.14+0.34) revealed high
atherogenic burden, with 60% of patients at high
cardiovascular risk (ratio >1.0). Comparable studies
report mean ratios around 1.08+0.31 in MASLD versus
0.82+0.24 in controls,'®*® confirming the marker's
discriminative value. Elevated Apo B (107.3 mg/dL)
with relatively reduced Apo Al (94.5 mg/dL) reflects
characteristic MASLD dyslipidemia—excess
atherogenic particles and reduced reverse cholesterol
transport  capacity—explaining why the ratio
outperforms traditional lipid parameters.

Association with Disease Severity

Apo B/Al ratio correlated strongly with MASLD
severity, increasing progressively across ultrasound
grades—Grade I (1.05+0.32), Grade II (1.1440.33), and
Grade III (1.26+0.35) (F=8.24, p<0.001)—a pattern
consistent across lipid strata. Correlation analyses
revealed the strongest association with hepatic steatosis
(CAP: r=0.532, p<0.001), surpassing Apo B (r=0.426)
or LDL (r=0.389). Inverse correlations with Apo Al
(r=-0.342) and HDL (r=-0.365) further support
apolipoprotein dysregulation as central to hepatic lipid
accumulation.
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The ratio also correlated with liver stiffness (r=0.392,
p<0.001), implicating it in fibrosis progression, possibly
mediated by increased hepatic lipid influx, impaired
HDL-mediated efflux, oxidized lipoprotein—driven
oxidative stress, and pro-inflammatory cascades.?,*
Together, these findings link apolipoprotein imbalance
to both steatosis and fibroinflammatory progression.

Lipid Status Stratification: A Critical Refinement

A key finding was that 16 patients (10.7%) exhibited
elevated Apo B/A1 ratios despite normal lipid profiles,
forming an occult high-risk group with mean ratio
1.14£0.15, similar to the total cohort. This subset (57%
of normal-lipid individuals) exemplifies metabolic risk
hidden by standard lipid panels.

Multivariate analysis identified dyslipidemia (B=0.189,
p<0.001) and CAP (B=0.004, p<0.001) as independent
predictors of high ratios, explaining 42.8% of variance,
while conventional factors (age, sex, BMI, diabetes,
hypertension) were non-predictive after adjustment.
Dyslipidemia showed the strongest association (OR
3.84, 95% CI 2.12-6.96, p<0.001), and importantly,
normal lipid status with increased ApoB/ApoAl ratio
independently predicted MASLD risk (OR 2.67, 95%
CI 1.23-5.79, p=0.013), confirming a distinct metabolic
phenotype warranting clinical recognition and targeted
prevention.

ROC Analysis and Clinical Utility

ROC analysis confirmed the Apo B/Al ratio's
discriminative ability for predicting steatosis and
fibrosis severity. In the overall cohort, AUC values
were 0.682 for steatosis and 0.641 for fibrosis. Lipid
status  stratification improved performance in
dyslipidemic patients, AUCs rose to 0.698 and 0.656,
respectively; in normal-lipid patients with elevated
ratio, AUC reached 0.714, indicating good predictive
capacity in this "metabolically unhealthy normal-lipid"

group.

The identified cut-offs (>1.15 for dyslipidemic, >1.05
for normal-lipid with metabolic risk, >0.95 overall)
provide actionable clinical guidance for evaluating
atherogenic and hepatic risk profiles. Although these
thresholds require external validation, they represent a
foundation for precision screening algorithms
incorporating baseline lipid status.
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Comparison with Existing Literature

Our results align with global findings linking
apolipoprotein abnormalities to MASLD pathogenesis
and extend understanding in South Asians. Zhao et al.'®
reported elevated Apo B/Al ratio as a significant
MASLD risk factor, potentiated by dyslipidemia. Yang
et al.”” demonstrated consistent associations in both
normal-weight and overweight individuals, where
elevated ratios predicted MASLD even at BMI <23
kg/m? (adjusted OR 2.1). Choe et al.?* similarly found
Apo B/A1 ratio independently associated with MASLD
in non-diabetic subjects (OR 1.89), independent of
standard metabolic parameters.

Our study adds novel evidence by establishing
apolipoprotein-based stratification in a South Asian
cohort, quantifying lean MASLD with dysregulated
lipid profiles, identifying practical cut-offs stratified by
lipid status, and correlating these with validated non-
invasive markers (CAP, LSM). The detection of occult
metabolic risk in 10.7% of patients with normal lipids
underscores the inadequacy of conventional panels
alone and supports incorporating apolipoprotein
evaluation into MASLD assessment frameworks to
improve risk detection and therapeutic precision.

Clinical Implications

Our findings support integrating apolipoprotein
measurement into routine MASLD assessment,
particularly for individuals with normal lipid profiles
who may harbor occult metabolic risk. The 10.7% of
patients with normal lipids but elevated Apo B/A1 ratio
represent a clinically relevant group requiring early
identification and intervention.

The identified lipid status—specific cut-offs may guide
risk stratification algorithms—patients with
dyslipidemia and Apo B/A1 ratio >1.15 merit intensive
metabolic therapy, while those with normal lipids but
ratio >1.05 require enhanced surveillance despite
normal conventional lipid results. This stratified
approach acknowledges metabolic heterogeneity within
MASLD and promotes individualized management.

Strong correlations between Apo B/Al ratio and both
CAP and LSM suggest its promise as a simple serum
biomarker that could complement, or in resource-
limited settings partially substitute, imaging-based
evaluations. Its use may optimize patient triaging for
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advanced imaging, improving cost-effectiveness in
high-prevalence populations.

Furthermore, the association between dyslipidemia,
elevated Apo B/Al ratio (OR 3.84), and disease
severity underscores lipid lowering as a key therapeutic
target in MASLD, potentially improving both hepatic
and cardiovascular outcomes.

Strengths and Limitations

This study's strengths include its comprehensive
clinical, biochemical, and imaging evaluation, allowing
multidimensional characterization of MASLD. This is
the first study to correlate ApoB,ApoAl and
ApoB/ApoAl ratio with fibroscan parameters (CAP and
LSM). The inclusion of diverse BMI and lipid
phenotypes enhances generalizability, while direct
comparison between conventional and apolipoprotein
markers addresses a critical gap, particularly in South
Indian populations.

However, several limitations warrant acknowledgment:
the cross-sectional design limits causal inference;
longitudinal studies are required to assess temporal
relationships and therapeutic effects. The single-center
tertiary setting may introduce selection bias, and the
moderate sample size restricts subgroup power, notably
for lean MASLD analysis. Use of ultrasound and
FibroScan instead of biopsy could lead to limited
misclassification, though both reflect standard non-
invasive practice.

Additional limitations include absence of genetic,
dietary, or detailed lipoprotein profiling (e.g.,
lipoprotein(a), small dense LDL), and lack of
cardiovascular outcome data. The proposed cut-offs
require external validation to define their clinical
applicability and appropriate monitoring intervals.

Future Research Directions

Future longitudinal and interventional studies should
determine whether baseline or therapy-induced changes
in Apo B/Al ratio predict hepatic and cardiovascular
outcomes. Mechanistic studies are needed to clarify
molecular pathways linking apolipoproteins to
hepatocellular injury and fibrosis. Genetic and multi-
ethnic studies should assess population differences and
establish ethnicity-specific thresholds. Finally, cost-
effectiveness analyses should evaluate whether routine
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apolipoprotein screening enhances risk prediction and
reduces disease burden in MASLD.

CONCLUSION

The Apo B/Al ratio is significantly elevated in MASLD
and correlates strongly with disease severity markers,
providing clinically useful risk stratification particularly
when interpreted in the context of conventional lipid
status. A notable lean MASLD prevalence (23.3%) with
metabolic dysfunction (34.3% elevated Apo B/Al ratio)
challenges BMI-based risk models, while 10.7% of
patients had occult metabolic risk despite normal lipids,
highlighting the utility of apolipoprotein profiling. The
Apo B/ALl ratio outperformed conventional lipids with
strong associations with steatosis (r=0.532, p<0.001)
and fibrosis (r=0.392, p<0.001), and ROC analysis
showed acceptable discriminative ability (AUC 0.682—
0.714) with stratified lipid-specific  thresholds.
Dyslipidemia was the strongest predictor of elevated
ratio (OR 3.84), while normal lipids with high
ApoB/ApoAl ratio independently predicted MASLD
risk (OR 2.67), defining a hidden high-risk phenotype.
These findings support including apolipoprotein assays
in comprehensive MASLD evaluation, with lipid status-
specific algorithms refining risk stratification and
therapeutic targeting to address hepatic outcomes in
MASLD.
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