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Abstract

Background/Objectives: The apolipoprotein B to apolipoprotein A1l (ApoB/A1l) ratio has
been proposed as a marker of cardiovascular risk, but its value for assessing extracranial
and intracranial atherosclerosis beyond conventional lipid markers remains uncertain. We
evaluated whether the ApoB/A1l ratio improves discrimination of severe atherosclerosis
in high-risk statin-naive patients. Methods: We retrospectively included 3416 statin-naive
patients who underwent lipid profiling and carotid duplex ultrasonography and/or cere-
brovascular imaging between 2014 and 2023. The primary outcome was stenosis severity,
categorized as normal, mild (<50% stenosis), or severe (=50% stenosis, including occlu-
sion), based on clinical imaging reports. Secondary outcomes were carotid plaque score
and the number of stenotic intracranial vessels. Associations were assessed using multi-
variable ordinal logistic regression with 1-SD—standardized lipid markers. Results: The
ApoB/A1l ratio was independently associated with greater stenosis severity (adjusted
odds ratio 1.24 per 1-SD increase, 95% CI 1.15-1.35; p < 0.0001). Adding ApoB/Al to a
model including clinical covariates, LDL-C, and HDL-C significantly improved discrimi-
nation of severe stenosis on every metric examined (continuous NRI +0.142, 95% CI 0.053—
0.227; IDI +0.0058, 0.0026—0.0088; likelihood ratio p = 0.0004), although the absolute in-
crease in AUC was modest (0.660 to 0.668; AAUC +0.008; DeLong p = 0.026). Associations
were consistent for carotid plaque score and intracranial vessel-count outcomes. Conclu-
sions: In high-risk statin-naive patients undergoing carotid or cerebrovascular evaluation,
the ApoB/A1 ratio was independently associated with atherosclerosis severity and pro-
vided modest incremental discrimination beyond conventional lipid markers. Apolipo-
protein assessment may help refine risk stratification in this population.

Keywords: apolipoproteins; atherosclerosis; carotid stenosis; intracranial arteriosclerosis;
risk stratification; lipid biomarkers
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1. Introduction

Dyslipidemia is a major risk factor for atherosclerosis [1]. Dyslipidemia is conven-
tionally defined when total cholesterol, low-density lipoprotein cholesterol (LDL-C), or
triglycerides exceed reference values, or when high-density lipoprotein cholesterol (HDL-
C) falls below reference values [2]. Among these, LDL-C is the primary target for lipid-
lowering therapy to mitigate atherosclerotic cardiovascular disease [3]. However, residual
cardiovascular risk persists in many patients despite achieving recommended LDL-C lev-
els, prompting the search for additional biomarkers [4].

LDL-C is composed of subtypes that differ in atherogenicity. Small dense LDL parti-
cles, characterized by the highest density and smallest size, contribute critically to ather-
osclerosis [5]. Apolipoprotein B (ApoB) is exclusively located on the surface of all athero-
genic lipoproteins (LDL, very-low-density lipoprotein, and intermediate-density lipopro-
tein) and plays a central role in lipoprotein metabolism [6]. ApoB enhances the adhesion
of LDL particles to arterial endothelial receptors and facilitates their attachment to the
arterial wall, ultimately promoting atherosclerotic plaque formation [7]. Conversely,
apolipoprotein Al (ApoAl), a major component of HDL, contributes to cholesterol efflux
from peripheral tissues, including the vasculature, thereby reducing atherosclerotic risk
[8].

ApoB has been shown to be a superior marker of acute myocardial infarction risk
compared with total cholesterol or LDL-C, as it reflects the concentration of all atherogenic
lipoproteins [9,10]. Previous studies have demonstrated significant associations between
ApoB and the ApoB/A1 ratio and carotid atherosclerosis or unstable plaque [11,12], and a
high ApoB/A1 ratio has been linked to intracranial atherosclerotic stenosis [13,14]. How-
ever, prior work has typically been limited to single vascular territories, used binary def-
initions of stenosis, or included substantial proportions of patients on statins, each of
which may obscure the relationship between apolipoproteins and atherosclerosis burden.
Therefore, the incremental value of the ApoB/A1 ratio in patients undergoing concurrent
carotid and cerebrovascular evaluation remains uncertain.

In this study, we evaluated whether the ApoB/Al ratio provides discriminatory
value beyond conventional lipid markers for clinically significant atherosclerosis in high-
risk statin-naive patients undergoing carotid or cerebrovascular evaluation.

2. Materials and Methods
2.1. Data Source and Study Population

This retrospective study used a hospital-based clinical cohort rather than a popula-
tion-based screening sample. Patients were eligible if they underwent lipid profiling and
at least one clinically indicated vascular assessment, including carotid duplex ultrasonog-
raphy and/or cerebrovascular MRA/CTA, within one year of lipid measurement. Thus,
patients classified as having “normal” vessels were those without definite stenosis on the
available clinical vascular assessment, not healthy controls or asymptomatic volunteers.
The study therefore evaluates discrimination within a high-risk clinical population under-
going routine vascular evaluation and does not address normative ApoB/A1 variation or
screening performance in the general population.

Patients were identified from the clinical data warehouse of the National Health In-
surance Service Ilsan Hospital, a comprehensive database containing electronic medical
records and laboratory results.

Between January 2014 and December 2023, a total of 5674 patients underwent lipid
profile testing. As detailed in the patient flow diagram (Figure 1), after excluding patients
with missing lipid profile values (n = 193) and those without an eligible vascular assess-
ment, defined as carotid duplex ultrasonography (CUS) or cerebrovascular imaging with
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magnetic resonance angiography (MRA) or computed tomography angiography (CTA),
within one year of lipid measurement (n = 93), we identified 3997 statin-naive patients
who had not received statin therapy for at least three months prior to testing. From these
3997 candidates, we further excluded 568 patients with missing or implausible BMI (out-
side 15-50 kg/m?) and 13 patients younger than 30 years, yielding a final analytic cohort
of 3416 patients. Of these, 2794 underwent CUS and 2422 underwent cerebrovascular im-
aging (Figure 1).

This study was conducted in accordance with the Declaration of Helsinki (2013 revi-
sion) and approved by the Institutional Review Board of the National Health Insurance
Service Ilsan Hospital (protocol code NHIMC-2024-04-024, approved 24 April 2024). Writ-
ten informed consent was waived because de-identified data were used.

Patients who underwent lipid profile
tests between 2014 and 2023

szf:,//'

Patients with all lipid profile results
N =5481

SN S

Patients with lipid profile and
eligible vascular assessment

N:L//”'

Participants (statin-naive)
N=3997 Excluded due to:

// e Missing or implausible BMI (N = 568)

o Age < 30 years (N = 13)
Final analytic cohort
N=3416

|
| }

Patients who underwent Patients who underwent
carotid duplex ultrasound cerebrovascular imaging
N=2794 N =2422

Patients with missing values
in lipid profile (N = 193)

No eligible carotid duplex ultrasonography or
cerebrovascular imaging within 1 year (N = 93)

Patients who received statin (N = 1391)

Figure 1. Patient flow diagram showing derivation of the analytic cohort from the source database.

2.2. Outcomes and Covariates

Atherosclerosis severity was assessed in three complementary ways. The primary
outcome was the maximal degree of stenosis, categorized as normal (no stenosis), mild
(<50% stenosis), or severe (250% stenosis, including occlusion) based on severity de-
scriptors documented in clinical imaging reports. These categories reflect radiologists’
qualitative reporting at the time of original clinical interpretation rather than inde-
pendently re-measured stenosis percentages. Throughout the manuscript, the term “nor-
mal” refers only to the absence of definite stenosis on the index vascular assessment and
should not be interpreted as absence of vascular risk factors or clinical disease. Key terms
describing vascular segment and severity were extracted from imaging reports using a
rule-based text-parsing approach and converted into the quantitative indicators used in
analysis. The rule-based extraction process was developed through iterative manual re-
view of imaging reports. During data cleaning, more than 100 reports were manually com-
pared with the extracted vascular segments and severity categories, and the rules were
refined to address discordant or ambiguous expressions. The final rule set defined nega-
tive expressions, stenosis severity descriptors, eligible intracranial vascular segments, lat-
erality assignment, duplicate-removal rules, and exclusion terms for infarct-territory or
extracranial expressions. Details of the extraction rules and representative report expres-
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sions with their assigned categories are provided in Supplementary Methods and Supple-
mentary Table S1. Because the manually reviewed reports were used for rule refinement
rather than as an independent validation dataset, formal agreement statistics were not
calculated.

Two burden-based secondary outcomes were also assessed. Extracranial atheroscle-
rosis burden was quantified using the carotid plaque score (CPS), defined as the sum of
plaque thicknesses identified on CUS [15]. Patients with CPS =0 were classified as normal;
the remaining patients were stratified into mild and severe based on the median CPS
among those with any plaque (median = 3.0). Intracranial atherosclerosis burden was
quantified by the number of vessels with any stenosis (range, 0-11) across both left and
right distal internal carotid, anterior cerebral, middle cerebral, posterior cerebral, distal
vertebral, and basilar arteries [16]. Patients without stenosis formed the normal group,
and the remainder were stratified into mild and severe based on the median vessel count
among those with stenosis (median = 3).

The lipid panel comprised total cholesterol, LDL-C, HDL-C, triglycerides, ApoAl,
and ApoB. Non-HDL-C and the ApoB/A1 ratio were calculated as derived markers [17,18].
Covariates considered as confounders were age, sex, BMI, history of hypertension, diabe-
tes mellitus, chronic kidney disease, prior stroke, prior ischemic heart disease, alcohol
consumption, and current smoking.

2.3. Statistical Analysis

Continuous variables are presented as mean + standard deviation when approxi-
mately normally distributed and as median (interquartile range, IQR) otherwise; categor-
ical variables are presented as n (%). Group comparisons used analysis of variance, the
Kruskal-Wallis test, or the chi-squared test as appropriate.

Because established thresholds for CPS and the number of stenotic intracranial ves-
sels are lacking, patients with any plaque or stenosis were divided into mild and severe
groups using the median value. Tertile-based cutoffs were examined in sensitivity anal-
yses. Associations between each lipid biomarker and atherosclerosis severity were esti-
mated using multivariable ordinal logistic regression, adjusting for the covariates listed
above. To enable direct comparison across markers with different scales, all lipid bi-
omarkers were standardized, and effect sizes are reported as adjusted odds ratios per 1-
standard-deviation (SD) increase. Because lipid biomarkers exhibited strong collinearity
(variance inflation factor > 5 and infinite for derived measures), each biomarker was en-
tered into a separate model rather than simultaneously. The proportional odds assump-
tion was assessed for ordinal logistic regression models.

Incremental discrimination was assessed by comparing a reference model including
clinical covariates, LDL-C, and HDL-C with an extended model additionally including
the ApoB/Al ratio. Model performance was compared using AUC with the DeLong test
[19], continuous NRI, IDI, and likelihood ratio testing [20]. Bootstrap resampling was used
to estimate 95% confidence intervals for NRI and IDI. Alternative reference models incor-
porating triglycerides or non-HDL-C were evaluated as sensitivity analyses. Restricted
cubic splines with four knots were used to assess potential non-linearity between the
ApoB/A1 ratio and each outcome.

Subgroup analyses were performed by sex, age (<65 vs. 265 years), hypertension, di-
abetes, and smoking. Effect heterogeneity was assessed by including a multiplicative in-
teraction term in the ordinal model. Sensitivity analyses examined (i) patients who under-
went both CUS and cerebrovascular imaging and (ii) tertile-based rather than median-
based severity cut-offs. Two-sided p < 0.05 was considered statistically significant. Anal-
yses were performed in Python 3.10 using statsmodels, scikit-learn, and scipy.
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3. Results
3.1. Cohort Characteristics

The 3416 statin-naive patients had a mean age of 69.0 + 12.7 years, and 1999 (58.5%)
were male. Detailed demographic, comorbidity, and lipid panel characteristics are sum-
marized in Table 1.

For the primary outcome (severe stenosis), more severe atherosclerosis was associ-
ated with older age, male sex, and a higher prevalence of hypertension, diabetes, prior
stroke, and prior ischemic heart disease (Table 2). Demographic and lipid distributions
for the burden-based secondary outcomes (carotid plaque score and number of stenotic
intracranial vessels) showed similar patterns and are presented in Supplementary Tables
52 and S3. ApoAl decreased across the normal, mild, and severe groups (median 1.36,
1.26, and 1.23 g/L, respectively; p < 0.0001), whereas ApoB differed little across groups.
Accordingly, the ApoB/A1 ratio increased across severity groups (median 0.70, 0.75, and
0.79, respectively; p < 0.0001), largely driven by lower ApoAl levels. The same monotonic
patterns for ApoAl and the ApoB/Al ratio were observed for both burden-based second-
ary outcomes (Tables 52 and S3). Total cholesterol and LDL-C showed no clear positive
gradient across increasing atherosclerosis severity.

Table 1. Demographic and clinical characteristics of the study cohort.

Variable Total (N = 3416)

Sex

Female, n (%) 1417 (41.5)

Male, n (%) 1999 (58.5)
Age, years 69.0 £12.7
BMI, kg/m? 24.04 +3.43
Hypertension, n (%) 2158 (63.2)
Diabetes mellitus, n (%) 1014 (29.7)
Chronic kidney disease, n (%) 75 (2.2)
Stroke history, n (%) 2741 (80.2)
Ischemic heart disease, n (%) 201 (5.9)
Alcohol consumption, n (%) 992 (29.0)
Current smoker, n (%) 718 (21.0)
Apolipoprotein Al, g/L * 1.27 (1.11-1.44)
Apolipoprotein B, g/L * 0.95(0.77-1.14)
Total cholesterol, mmol/L * 4.55 (3.88-5.28)
HDL-C, mmol/L * 1.14 (0.96-1.37)
LDL-C, mmol/L * 2.77 (2.17-3.36)
Triglyceride, mmol/L * 1.20 (0.86-1.66)
Non-HDL-C, mmol/L * 3.36 (2.72-4.06)
Apolipoprotein B/A1 ratio * 0.75 (0.58-0.94)
Carotid plaque score (n =2794) * 2.30 (0.00-3.60)
No. stenotic vessels (n = 2422) * 1 (0-3)

Continuous variables are presented as mean * standard deviation. * Median (interquartile range).
BMI, body mass index; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipopro-
tein cholesterol.
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Table 2. Demographic, clinical, and lipid characteristics according to stenosis severity in patients
with cerebrovascular imaging.

Variable Normal (n = 837) Mild (n = 888) Severe (n = 697) p-Value
Sex, male, n (%) 442 (52.8) 534 (60.1) 442 (63.4) <0.0001
Age, years 64.7 +12.4 71.5+11.9 709 +12.7 <0.0001
BMI, kg/m? 242+35 242+34 23.8+34 0.088
Hypertension, n (%) 389 (46.5) 596 (67.1) 492 (70.6) <0.0001
Diabetes, n (%) 162 (19.4) 290 (32.7) 236 (33.9) <0.0001
CKD, n (%) 6(0.7) 20 (2.3) 20 (2.9) 0.006
Stroke history, n (%) 489 (58.4) 719 (81.0) 621 (89.1) <0.0001
IHD history, n (%) 13 (1.6) 49 (5.5) 53 (7.6) <0.0001
Alcohol, n (%) 242 (28.9) 245 (27.6) 226 (32.4) 0.102
Smoking, n (%) 166 (19.8) 182 (20.5) 166 (23.8) 0.132
Apolipoprotein Al, g/L 1.36 (1.18-1.53) 1.26 (1.11-1.43) 1.23 (1.09-1.40) <0.0001
Apolipoprotein B, g/L 0.94 (0.79-1.12) 0.95 (0.78-1.15) 0.95 (0.79-1.18) 0.289
Total cholesterol, mmol/L 4.71 (3.98-5.40) 4.53 (3.90-5.23) 4.55 (3.80-5.33) 0.013
HDL-C, mmol/L 1.22 (1.01-1.45) 1.12 (0.96-1.34) 1.11 (0.93-1.32) <0.0001
LDL-C, mmol/L 2.82 (2.22-3.36) 2.73 (2.22-3.28) 2.79 (2.17-3.44) 0.37
Triglyceride, mmol/L 1.20 (0.85-1.68) 1.21 (0.88-1.72) 1.22 (0.88-1.63) 0.598
Non-HDL-C, mmol/L 3.41 (2.79-4.11) 3.36 (2.74-4.01) 3.36 (2.69-4.14) 0.526
Apolipoprotein B/A1 ratio 0.70 (0.56-0.88) 0.75 (0.59-0.95) 0.79 (0.62-1.00) <0.0001

Values are presented for 2422 patients with available cerebrovascular imaging. Stenosis severity
was categorized as normal, mild (<50% stenosis), or severe (=50% stenosis, including occlusion).
Continuous variables are presented as mean + SD or median (IQR); categorical variables as n (%). p-
values were calculated using analysis of variance (normally distributed continuous variables), Krus-
kal-Wallis test (skewed continuous variables), or chi-squared test (categorical variables). BMI, body
mass index; CKD, chronic kidney disease; IHD, ischemic heart disease; HDL-C, high-density lipo-
protein cholesterol; LDL-C, low-density lipoprotein cholesterol.

3.2. Independent Associations of Lipid Biomarkers with Atherosclerosis Severity

In multivariable ordinal logistic regression, the ApoB/A1 ratio was strongly and in-
dependently associated with the primary outcome of severe stenosis (per 1-SD aOR 1.24,
95% CI 1.15-1.35; p < 0.0001). The protective association of ApoAl was also pronounced
for this outcome (aOR 0.86; p = 0.0002), whereas ApoB and LDL-C showed weaker associ-
ations (Table 3). Total cholesterol, triglycerides, and HDL-C were not consistently associ-
ated with severity after adjustment.

Table 3. Adjusted odds ratios per 1-SD increase in lipid biomarkers for atherosclerosis severity.

Biomarker

Primary: Severe Stenosis

Secondary: CPS-Based Secondary: Vessel-Count

aOR (95% CI) aOR (95% CI) aOR (95% CI)

ApoAl 0.86 (0.79-0.93) 0.0002 0.93 (0.86-1.00) 0.053 0.94 (0.86-1.02) 0.141
ApoB 118 (1.09-128)  <0.0001 1.10 (1.02-1.19) 0.01 1.18 (1.08-1.28) <0.0001
Total choles-

te(;z choles 1.06 (0.98-1.15) 0.135 1.04 (0.96-1.12) 0.351 112 (1.03-1.21) 0.008
HDL-C 0.90 (0.83-0.98) 0.013 0.93 (0.86-1.00) 0.044 0.96 (0.88-1.04) 0.33
LDL-C 113 (1.04-1.22) 0.002 1.07 (1.00-1.16) 0.061 1.13 (1.04-1.23) 0.003
Triglyceride 1.01 (0.93-1.10) 0.845 1.06 (0.98-1.14) 0.18 1.06 (0.97-1.15) 0.221
Non-HDL-C 1.10 (1.01-1.19) 0.021 1.06 (0.98-1.14) 0.123 1.14 (1.05-1.23) 0.002
ApoB/A1 ratio 124 (1.15-135)  <0.0001 1.15 (1.07-1.24) 0.0001 117 (1.08-1.27) 0.0001

Each lipid biomarker was entered into a separate ordinal logistic regression model, adjusted for age,

sex, BMI, hypertension, diabetes, chronic kidney disease, prior stroke, prior ischemic heart disease,
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alcohol consumption, and smoking. aOR, adjusted odds ratio per 1-standard-deviation increase; CI,

confidence interval; CPS, carotid plaque score.

3.3. Incremental Discrimination of the ApoB/A1 Ratio

Adding the ApoB/A1 ratio to a reference model containing clinical covariates plus
LDL-C and HDL-C (yielding the fully augmented model in Figure 2) significantly im-
proved discrimination of severe stenosis on every metric examined: model fit improved
(likelihood ratio x2 = 12.59, p = 0.0004); risk reclassification improved (continuous NRI
+0.142, 95% CI 0.053-0.227; IDI +0.0058, 0.0026-0.0088); and AUC increased from 0.660 to
0.668 (AAUC +0.008; DeLong p = 0.026; Table 4).

Findings for the burden-based secondary outcomes were directionally consistent
with the primary analysis. The ApoB/Al ratio was significantly associated with the CPS-
based severity (aOR 1.15 per 1-SD, 95% CI 1.07-1.24; p = 0.0001) and the vessel-count se-
verity (aOR 1.17, 1.08-1.27; p = 0.0001) (Table 3). Adding the ApoB/A1 ratio to the conven-
tional lipid model significantly improved model fit (LRT p = 0.015 for CPS and p = 0.019
for vessel count) and yielded statistically significant NRI and IDI for both outcomes (Table
4); the AUC improvements were small and did not reach statistical significance for either
secondary outcome (Figure 2).

A Severe stenosis B CPS-based severity C Vessel-count severity
1.04 1.04 1.04
0.81 0.8 0.8
2 0.6 2 0.6 2 0.6
= 2 2
2 = = &
@ @ i)
c =4 c
Q [ [
9 0.4+ 0.4+ N 0.4+
0.2 —— Clinical only (AUC = 0.654) 0.2 —— Clinical only (AUC = 0.717) 0.2 —— Clinical only (AUC = 0.738)
=== + LDL-C + HDL-C (AUC = 0.660) === + LDL-C + HDL-C (AUC = 0.718) === + LDL-C + HDL-C (AUC = 0.744)
*+ + non-HDL-C (AUC = 0.656) =+« +non-HDL-C (AUC = 0.717) ==+ + non-HDL-C (AUC = 0.742)
w4 LDL-C + HDL-C + ApoB/Al (AUC = 0.668) w4 LDL-C + HDL-C + ApoB/Al (AUC = 0.720) ws + LDL-C + HDL-C + ApoB/Al (AUC = 0.748)
0.0 T T T 1 0.0 T T T T d 0.0 T T T T d
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D E F
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0.70 0.75 0.78
0.668 0.748
0.720 | 0.744
069 0.660 0.74 1 0717 0718 0717 0.77 0.738 0.742
0.656 .
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Clin. +LDL+HDL +nonHDL +LDL+HDL clin. +LDL+HDL +nonHDL +LDL+HDL +LDL+HDL +nonHDL +LDL+HDL
+ApoB/Al +ApoB/A1l +ApoB/Al

Figure 2. Receiver-operating-characteristic curves comparing discrimination across four models:
clinical covariates only, clinical + LDL-C + HDL-C (conventional lipid panel), clinical + non-HDL-C
(alternative lipid panel), and clinical + LDL-C + HDL-C + ApoB/A1 ratio (fully augmented model
corresponding to the comparator in Table 4). The clinical + non-HDL-C curve (green dotted line) is
shown for comparison and corresponds to the alternative reference model in Supplementary Table
S5. The fully augmented model (red curve) corresponds to the incremental-discrimination compar-
ison reported in Table 4. Panels show (A) the primary outcome (severe stenosis > 50%) and (B,C)
the burden-based secondary outcomes (CPS-based severity and vessel-count severity). The diagonal
gray dashed line represents the line of no discrimination (reference line, AUC = 0.5). Panels (D-F)
show the corresponding AUC values with 95% confidence intervals (DeLong variance) for the same

four models; the p-value annotated for each non-reference bar is from the DelLong test against the
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LDL-C + HDL-C reference model. The AUC bar charts in Panels (D-F) make the numeric differences
and their statistical uncertainty explicit. Outcomes: (A,D) primary outcome (severe stenosis > 50%),

(B,E) CPS-based severity, (C,F) vessel-count severity.

Table 4. Incremental discrimination of ApoB/A1 ratio over a conventional lipid panel.

Outcome AU;]()LL? L+ “ A‘ngC/ A1y AAUC De];"’“g NRI (95% CI)  IDI(95%CI)  LRTp
ftrel;:)asz severe 0.660 0.668 +0.008  0.026 +0‘13?2g(;';) >3- +0.0005'3 0(252026_ 0.0004
ifggir;iary: P52 0.718 0.720 10002 0311 +0'1(1)i(9()6‘)0 52~ +0‘0002_3 0(2(')0)004_ 0.015
ii;(;z‘ii:;y: vessel 0.744 0.748 10003 0.072 +0‘28?3é%)1 04- +0'0002'g 0(2'6(;004_ 0.019

Reference model: clinical covariates + LDL-C + HDL-C. Comparator model adds ApoB/A1 ratio.
NRI, continuous net reclassification improvement; ID], integrated discrimination improvement;
LRT, likelihood ratio test.

3.4. Non-Linearity, Subgroup, Sensitivity, and ApoAl-Alone Analyses

Restricted cubic spline analyses showed no significant non-linearity between the
ApoB/A1 ratio and the outcomes (Supplementary Figure S1). The association of ApoB/A1l
with the primary outcome was consistent across prespecified subgroups, with no signifi-
cant interactions (Supplementary Figure S2). The results were also robust in sensitivity
analyses restricted to patients with both CUS and cerebrovascular imaging and using ter-
tile-based severity cutoffs, as well as across alternative reference lipid models (Supple-
mentary Tables 54 and S5).

To examine whether the observed signal was primarily driven by ApoA1l alone, we
performed additional sensitivity analyses using the same reference model. For the pri-
mary outcome, adding ApoAl alone improved model fit and reclassification but did not
significantly improve AUC (0.660 to 0.664; DeLong p = 0.330). Adding the ApoB/A1 ratio
produced the largest AUC increment (0.660 to 0.668; DeLong p = 0.026), with significant
improvement in reclassification and model fit. However, the ApoAl-extended and
ApoB/Al-extended models were not statistically distinguishable in direct comparison
(DeLong p =0.282). Adding ApoB to an ApoAl-containing model further improved model
fit and reclassification, although the AUC increment remained small. Full results are pro-
vided in Supplementary Table S6. Findings for the burden-based secondary outcomes
were directionally consistent.

4. Discussion

In this analysis of 3416 high-risk statin-naive patients with concurrently assessed ex-
tracranial and intracranial arteries, the ApoB/A1 ratio was independently associated with
stenosis severity and modestly improved discrimination of severe stenosis beyond a con-
ventional lipid panel based on LDL-C and HDL-C. The improvement was statistically sig-
nificant on every contemporary measure of incremental discrimination: model fit (likeli-
hood ratio test), reclassification (NRI and IDI), and AUC (DeLong test). Findings for the
burden-based secondary outcomes (CPS and number of stenotic intracranial vessels) were
directionally consistent, with significant NRI, IDI, and LRT but non-significant AUC im-
provement. The convergence of evidence across complementary outcome definitions sup-
ports the robustness of the primary finding.

https://doi.org/10.3390/jcm 15145598
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Our findings extend prior work showing that the ApoB/A1 ratio reflects intracranial
arterial stenosis [13,14] and carotid atherosclerosis [11,12]. Prior studies have often evalu-
ated carotid atherosclerosis using intima-media thickness or binary plaque presence
[12,21], whereas intracranial atherosclerosis has commonly been defined by the presence
of significant stenosis, often using a > 50% threshold [22]. By contrast, our analysis incor-
porated a primary stenosis-severity outcome together with burden-based secondary out-
comes, including CPS and the number of stenotic intracranial vessels. This design allowed
us to examine whether the ApoB/A1 ratio was associated not only with clinically signifi-
cant stenosis but also with broader atherosclerotic burden. Several additional features
strengthen the present study. First, the relatively large sample size and restriction to
statin-naive patients minimized pharmacologic distortion of lipid metabolism and im-
proved comparability of lipid biomarkers. Second, the simultaneous assessment of extra-
cranial and intracranial arteries allowed us to examine whether the association of
ApoB/A1 was consistent across two clinically relevant vascular beds. Finally, the use of
incremental-discrimination metrics and sensitivity analyses allowed us to evaluate
whether ApoB/A1 added information beyond conventional lipid markers rather than re-
lying solely on odds-ratio comparisons.

The absolute AUC improvement after adding the ApoB/A1 ratio was modest (+0.008
for the primary outcome), likely because the reference model already included strong clin-
ical predictors of atherosclerosis severity. Nevertheless, the consistent improvement in
reclassification, model fit, and alternative reference models suggests that the ApoB/A1 ra-
tio provided information not fully captured by conventional lipid markers. Thus, the clin-
ical implication should be interpreted as incremental rather than transformative, with po-
tential utility in refining risk stratification among high-risk patients undergoing carotid or
cerebrovascular evaluation.

It is important to emphasize the scope of inference of the present study. Approxi-
mately 80% of the cohort had a documented history of stroke, and all patients were un-
dergoing clinically indicated carotid or cerebrovascular evaluation; the cohort is therefore
representative of a high-risk, hospital-based clinical population rather than of the general
population. Our results support the interpretation that, within such a population, the
ApoB/Al ratio provides incremental discrimination of severe atherosclerosis beyond a
conventional lipid panel. They do not, however, support inference about the value of the
ApoB/A1 ratio as a screening tool in asymptomatic individuals or its normative variation
in healthy individuals; both questions require prospective, population-based studies.

The attenuated LDL-C gradient across severity strata should be interpreted in light
of the clinical composition of the reference group. In this study, “normal” denoted no def-
inite stenosis on clinically indicated vascular imaging, not a healthy control state. Many
patients in this group had vascular risk factors or prior cerebrovascular disease and un-
derwent lipid profiling and vascular assessment for clinical reasons. Therefore, LDL-C
levels in the reference group may already have reflected a high-risk clinical background,
reducing the apparent contrast in LDL-C between groups. This does not negate the estab-
lished role of LDL-C in atherosclerosis; rather, it suggests that in a high-risk, statin-naive
hospital-based cohort, apolipoprotein-based markers, particularly the balance between
ApoB and ApoAl, may capture residual variation in atherosclerotic burden not fully re-
flected by LDL-C alone.

The lipid distributions across severity strata provide additional insight into why the
ApoB/A1l ratio remained informative. ApoB showed little difference across severity
groups in unadjusted comparisons, whereas ApoA1l declined monotonically with increas-
ing severity. However, the association between ApoB and stenosis severity became evi-
dent after adjustment for age and vascular risk factors, suggesting that the crude ApoB
distribution was influenced by the high-risk clinical profile of the cohort. Consequently,
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the elevation of the ApoB/A1 ratio in severe disease appeared to be driven mainly by
lower ApoAl levels with additional adjusted contribution from ApoB. This finding sug-
gests that the ApoB/Al ratio may capture the balance between atherogenic and protective
lipoprotein pathways more effectively than either component alone. ApoA1l alone cap-
tured a substantial part of the signal, particularly for model fit and reclassification. There-
fore, our findings should not be interpreted as proving the clear superiority of the
ApoB/Al ratio over ApoAl alone. Nevertheless, the ratio-based model produced the larg-
est AUC increment over the conventional lipid model and was the only extension that
achieved a DeLong-significant AUC improvement for the primary outcome. In addition,
adding ApoB to an ApoAl-containing model provided modest improvement in model fit
and reclassification. These findings support retaining the ApoB/Al1 ratio as an integrated
marker of atherogenic and anti-atherogenic balance, while emphasizing that its incremen-
tal clinical value is modest.

Carotid and intracranial arteries have distinct anatomical and hemodynamic charac-
teristics. The carotid artery has a thicker vessel wall and is exposed to turbulent flow at
the bifurcation, which may promote LDL-C deposition and plaque formation [23]. In con-
trast, intracranial arteries have thinner walls with fewer smooth-muscle cells and elastic
fibers and may be particularly vulnerable to hypertension-mediated endothelial injury
[24]. Despite these differences, both vascular beds share key pathogenic processes, includ-
ing endothelial injury, LDL-C infiltration, oxidation, and inflammatory activation [25].
The consistent association of ApoB/A1 with atherosclerosis severity across both vascular
beds is biologically plausible in this shared pathophysiologic context.

Several limitations should be considered. First, the cross-sectional, observational de-
sign precludes causal inference. Longitudinal studies are needed to establish whether
changes in ApoB/Al predict atherosclerosis progression. Second, this is a single-center
cohort of one ethnic population, limiting generalizability. Multi-center studies using a
common data model would strengthen external validity. Third, our cohort by design
lacked a healthy control group, because carotid duplex ultrasonography and cerebrovas-
cular imaging are not performed on asymptomatic individuals as a matter of routine prac-
tice and would be difficult to justify ethically in a healthy research volunteer. Approxi-
mately 80% of patients had a history of stroke, reflecting the hospital-based nature of the
cohort. Our results should therefore be interpreted as describing the discriminative value
of the ApoB/A1 ratio within a high-risk hospital-based cohort, and not as characterizing
normative variation of the ApoB/Al ratio in the general population. Fourth, although po-
tential confounders were adjusted, smoking and alcohol use were ascertained from clini-
cal records and may be subject to underreporting. Adiposity was captured only through
BMI; waist circumference and waist-to-hip ratio, which directly reflect central adiposity
and may better capture adiposity-related cardiovascular risk, were not consistently avail-
able in the underlying electronic health records. Dietary habits and genetic factors were
also unavailable. Residual confounding by unmeasured adiposity, diet, or genetic back-
ground, therefore, cannot be excluded. Fifth, atherosclerosis severity was determined
from rule-based text parsing of clinical imaging reports rather than independent re-meas-
urement or blinded re-adjudication. Although the extraction rules were refined through
manual review during data cleaning, formal validation with agreement statistics was not
performed. Therefore, our analyses reflect severity as captured in clinical practice rather
than centrally re-graded measurements. Future studies should include blinded central-
ized image review with quantitative stenosis grading. Sixth, no universally accepted se-
verity cutoffs exist for the carotid plaque score or the number of stenotic intracranial ves-
sels. We used data-driven median-based cutoffs and confirmed robustness with tertile-
based sensitivity analyses but acknowledge that alternative classifications could yield
somewhat different effect estimates for the secondary outcomes.
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5. Conclusions

In this high-risk, hospital-based cohort of statin-naive patients undergoing carotid
and/or cerebrovascular evaluation, the ApoB/Al ratio was independently associated with
atherosclerosis severity and provided modest incremental discrimination of severe steno-
sis beyond a conventional lipid panel. Given the small absolute improvement in discrim-
ination, our findings support the ApoB/A1 ratio as an incremental refinement of risk strat-
ification within similar high-risk clinical populations, rather than as a general-population
screening tool or as a routine replacement for conventional lipid measurement. Prospec-
tive and, where possible, multicenter external validation is required before any change in
clinical practice can be recommended.
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der the receiver operating characteristic curve; BMI, body mass index; CI, confidence interval; CKD,
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