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Abstract

Background/Objectives: Despite significant progress, cardiovascular disease remains the primary
global cause of disability-adjusted life years. Atherosclerosis, an early form of vascular disorder, is
driven by low-grade chronic inflammation and lipid accumulation. Obesity exacerbates
atherosclerosis through insulin resistance, adipokine imbalance, and sustained inflammation, leading
to endothelial dysfunction. Given this intricate involvement, understanding the effect of weight loss
on derived indices associated with atherosclerosis progression is crucial for developing effective
strategies against this pervasive health challenge. Methods: 73 overweight or obese adults completed
a six-month dietary-based weight loss intervention. A 15% caloric deficit target was set, excluding
potentially influencing pharmacotherapy, and limiting physical activity to daily walking. Statistical
analysis focused on anthropometric measures, lipid panel parameters and derived atherosclerosis
indices, the latter stratified by gender and weight drop magnitude to assess robustness. Results: The
intervention returned a median weight loss of 11.8 (IQR: 8 — 19) kg. Before-After analysis showed
statistically significant improvement in anthropometric indices and most lipid profile components.
Castelli Risk Index (CRI)-2 significantly improved (p < 0.05) from 3.28 (IQR: 2.57 — 4) to 3.22 (IQR:
2.55 - 3.71), Lipid Accumulation Product (LAP) decreased from 62.6 to 40.3 (p<0.001). To assess the
effect of weight loss on the atherogenic profile of patients, we proposed an atherogenic load index
(Atherogenic Central Load Index (ACLI)). ACLI decreased significantly following the hypocaloric
diet and showed a significant correlation with the inflammatory markers hs-CRP and IL-6. ACLI
showed a strong, inversely significant correlation (p < 0.05) with AIP, hs-CRP and IL-6, at the time of
intervention initiation and after 6 months. The evaluation of the obtained AUC values allowed to
clearly highlight the superior discrimination performance of ACLI regarding the inflammatory
markers hs-CRP and IL-6 in obese or overweight patients involved in dietary interventions for weight
loss. The AUC values for ACLI were significantly higher than those corresponding to the other
atherogenic indices evaluated (AIP, CRI-1 and CRI-2) for both evaluation times (before intervention
and after intervention. Conclusions. This study demonstrates that a calculated dietary deficit alone
is sufficient to significantly improve critical surrogate markers of atherosclerosis and visceral
adiposity, specifically AIP, CRI-2, LAP and the proposed central atherogenic load index (ACLI). Our
results highlighted the superior potential of the ACLI index for predicting endothelial dysfunction
with reference to the inflammatory markers hs-CRP and IL-6, compared to traditional derived indices
associated with atherosclerosis progression (AIP, CRI-1 and CRI-2). These findings suggest
physically demanding exercise regimens are not mandatory to mitigate CVD risk. Dietary-focused
interventions offer an effective strategy for improving cardiovascular health in selected obese
populations without requiring intensive physical training.

Keywords: atherosclerosis; endothelial dysfunction; obesity; overweight; low-calorie; dietary;
Castelli risk index; atherogenic index of plasma; lipid accumulation product
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1. Introduction

Despite the recent advancements in diagnosis and management of cardiovascular disease (CVD)
through the use of high sensitivity biomarkers, microRNA detection and treatment targeting, as well
as a decline in global age-standardized incidence, the global burden harbored by cardiovascular
conditions remains the leading contributor to disability-adjusted life years (DALY) globally [1].
Regardless of sociodemographic conditions, high blood pressure, high low-density lipoprotein
cholesterol (LDL-C) and ambient particulate matter are the primary risk factors attributable to DALY
for CVD in individuals older than 55 years old [2]. Multiple satellite conditions, along with genetic
and behavioral risk factors, interact synergistically to contribute to the advancement of
cardiovascular disease. Often downplayed as a risk factor for the development of cerebrovascular
disease or ischemic heart disease, atherosclerosis has been recently regarded as an early form of
cardiovascular disorder by itself [3]. Atherosclerosis is a systemic progressive vascular disorder
driven by a low-grade chronic inflammation (LGCI), leading to accumulation of fatty fibrous material
in the intimal layer of small and medium arteries, mainly as a consequence of hyperlipidemia and
lipid oxidation. This process is accelerated by an inflammatory response that involves the migration
and proliferation of various immune cell types, essential for the advancement of atherosclerotic
plaques — neutrophils, T lymphocytes and macrophages [4]. Obesity is closely associated with
development and progression of atherosclerosis through a plethora of mechanisms, notably LGCI,
insulin resistance, adipokine imbalance and adipocyte-derived exosome signaling [5,6].

Sedentary lifestyles and changes in the composition of food and beverages have given rise to a
new epidemic in the 21st century: obesity. The development of obesity is multifactorial, and the
contributing factors (behavioral, lifestyle, genetics, social, economic, and political factors) vary
among individuals [7]. A major global health problem, especially in Western society, obesity is
defined by the WHO as a body mass index (BMI) greater than or equal to 30 kg/m?, confirmed by at
least one anthropometric criterion (waist circumference, waist-to-hip ratio, or waist-to-height ratio)
in most scenarios [8]. Waist circumference, a reliable indicator of abdominal obesity (reference cutoff
values for European populations: greater than 80 cm in women and 94 cm in men) and visceral fat
accumulation are independent risk factors for cardiovascular disease which have been associated
with higher mortality and morbidity rates [7,9].

The complex remodeling of adipose tissue found in obese patients translates into an altered
secretion of adiponectin, leptin, and resistin, along with proinflammatory cytokines leading to LGCI,
deeming adipose tissue an endocrine organ [10-12]. A tight balance of these hormones is involved in
maintenance of cardiovascular homeostasis, inflammatory activity, insulin sensitivity, and adipose
tissue balance. Adiponectin, on one hand, protects against insulin resistance and metabolic
syndrome, on the other hand it enhances adipose tissue deposition, reduces thermogenesis, and is
directly correlated with extent of inflammation [10]. Resistin levels serve as prognostic biomarkers
for heart failure severity and mortality, while leptin levels are positively associated with increased
risk for heart failure [12,13]. In obese individuals, the disruption of adipokine regulation stands at the
foundation for endothelial dysfunction [14].

Obesity overrides the physiological anti-inflammatory milieu promoted by immune cells found
in adipose tissue and those migrated in atheromatous plaques. Enhanced activation of “first
responders” — neutrophils — and increased migration of macrophages in the atheromatous plaques
lead to upregulation of Interleukin-6 (IL-6) and Tumoral Necrosis Factor —alpha (TNF-a). Along with
excessive circulating levels of fatty acids, these trigger a self-sustaining permanent state of
inflammation [15]. Compounding the high atherogenic and thrombotic risk, obese patients
demonstrate increased thrombocyte count and platelet activity, as shown by the high concentrations
of P-selectin and platelet-derived microparticles [16].

Given the intricate involvement of obesity on development and progression of endothelial
dysfunction, we sought to understand the effect of mild dietary weight loss on several derived
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indexes previously associated with progression of atherosclerosis, the most prevalent form of early
CVD in obese individuals.

2. Materials and Methods
2.1. Study Design

This was a prospective study involving apparently healthy adults who voluntarily presented
themselves to a private clinical practice during the beginning of 2024, aiming to lose body weight by
dietary intervention alone. Patients were subjected to a clinical examination by the main investigator
(C.L.), had a thorough check of their complete medical history, and had blood samples taken for a
number of biochemical parameters listed below. Patient identification data was coded alpha-
numerically. Blood results were interpreted independently by a second investigator (M.A.M.), and
the patients who fit inclusion criteria were called for a second visit within 7 days to present them with
the study protocol. Following informed consent, all subjects were assessed for intervention and
invited for monthly physical follow-up visits. Blood samples were taken every two months (totaling
four sets). At any moment a patient could be withdrawn from the study if any of the following
applied: safety concerns in laboratory findings, new medical diagnosis overlapping with the
exclusion criteria, deviations from protocol and patient request to exit the study.

2.2. Timeframe

Patient recruitment extended over a period of 6 months, from 3 of January 2024 to 1¢ of July
2024. Patient follow-up period was fixed at 6 months, regardless of enrollment date. The study
officially ended at 30t of December 2024.

2.3. Inclusion and Exclusion Criteria for Enrollment

We included adults aged between 18 and 65 years old with an excess ponderal status
(established by BMI and at least one other anthropometric measurement) who presented voluntarily
to a private clinical practice. Exclusion criteria: stable residence outside a 50 kilometers radius from
the city, lack of motivation, current medical therapy interfering with weight loss, serious physical
impairments (walking with aid, requirement of permanent assistance), significant medical history
(history of cerebrovascular ischemic disease, coronary artery disease, heart failure stage III-IV NYHA,
pulmonary hypertension, any mild- moderate- or severe valvular disease, history of peripheral artery
disease, trauma leading to severe motor deficits, any severe musculoskeletal condition which could
interfere with walking ability, documented chronic kidney disease stage Illa or higher, history of
chronic liver disease, moderate or severe pulmonary disease, or insufficiently controlled mild
pulmonary disease, diabetes of any type, Instrumental Activities of Daily Living score less than 8,
recent or ongoing psychiatric treatment, recent or currently suffering from any oncological disease),
high clinical suspicion of sarcopenia (gait speed less than 0.9 meters/second, handgrip strength less
than 25 kilograms in men, and 18 kilograms in women), abnormalities in the physical examination
(signs of active infectious disease, fever during last 48 hours, pain of one major joint, or at least three
minor joints, chest pain regardless of characteristics, breathing difficulties after 5 attempts in the
chair-sit-to-stand test), abnormalities in the blood screening panel (fasting plasma glycemia over 100
mg/dl, glycated hemoglobin over 5.7%, estimated glomerular filtration rate less than 60 ml/min/1.73
m?, white blood cells over 10.000/ul, hemoglobinemia lower than 12 g/dl in women and 14 g/dl in
men, platelet count lower than 150.000/mm3).

A modest proportion of the subjects enrolled were withdrawn over the course of the study,
reasons being patient safety, acquirement of serious medical condition, deviation from intended
intervention and patient’s request. As shown in Figure 1, 6 patients actively pursued moderate- to
intensive aerobic physical activity regimens, which contradicts with our dietary weight loss
intervention; 14 patients did not stick to the required 15% intake deficit during more than 3 weeks
over the course of the study; 3 patients were lost to follow-up. There were no cases of safety concerns
flagged during periodic physical examinations or by the blood panel interpretation.
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127 individuals screened

31 patients excluded for not
meeting enrollment criteria

v
96 individuals started
dietary intervention

14 did not adhere to the caloric
deficit for more than 3 weeks
over the 6 months of follow-up
6 started a moderate/intensive
aerobic exercise program

3 lost to follow-up

A4

73 individuals completed
the study protocol

Figure 1. Selection of study participants.

2.4. Intervention

The study did not involve any pharmacological interventions and did not interfere with any of
the ongoing prescribed medications. The recommended physical activity was 8000-10000 steps daily,
at a slow-moderate pace, without any intense aerobic efforts. Maintenance calories were estimated at
enrollment, using the Mifflin St Jeor equation (men: basal metabolic rate = (10 x weight in kg) + (6.25
x height in cm) - (5 x age in years) + 5, women: basal metabolic rate = (10 x weight in kg) + (6.25 x
heightin cm) - (5 x age in years) — 161), standard activity factor taking values of either 1.2 (in sedentary
individuals) or 1.375 (in those reporting some exercise weekly). To achieve a caloric intake reduction
of 15% / day, the participants were advised to record either the ingredient composition of the in-
house prepared food by using a kitchen scale, or track the calories listed in every already-cooked
meal. General dietary advice was given in printed form to all participants, advising manageable
methods to decrease overall calorie intake (e.g., restricting consumption of processed, fat-rich foods,
calorie-dense low-filling meals), to increase their protein intake to 1g/per kg body weight, as well as
their dietary fiber consumption, and to consume at least 2000 ml of water daily. Compliance with the
dietary intervention was reviewed every 7-10 days using patients’ daily food diary and weekly
weight journal. Concerning physical activity, all patients were advised to achieve between 8000 —
10000 steps per day, their weekly records being transmitted to the principal investigator at the same
moment as the calorie intake journal. This was considered a negligible component for weight loss in
the context of the 15% calorie deficit ensued.

2.5. Anthropometric and Biochemical Parameters Recorded

After pseudonymization of the patient identification data, we recorded a set of anthropometric
measurements: age, biological gender, weight, waist circumference, and daily activity level. The
biochemical parameters recorded at enrollment and study completion: hemoleucogram (along with
derived erythrocyte parameters, leucocyte formula), lipid profile (total cholesterol (TC), high-density
lipoprotein cholesterol (HDL-C), low-density lipoprotein (LDL-C), triglycerides), glycemic profile
(fasting plasma glucose, glycated hemoglobin (HbAlc)), liver function panel (aspartate
aminotransferase AST, alanine aminotransferase ALT, gamma glutamyl transferase GGT, bilirubin
levels), renal function (urea, creatinine).

The inflammatory markers high-sensitive C-reactive protein (hs-CRP), Interleukin-6 (IL-6) and
lactate dehydrogenase LDH were also recorded. The two blood panels at 2 and 4 months after
enrollment were comprised of hemoleucogram, glycemic profile, liver and renal function tests. Of all
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these variables, only the most relevant ones are presented in this study to highlight the research
conclusions.

2.6. Planned Outcomes

Derived indices associated with atherosclerosis progression were calculated: Atherogenic Index
of Plasma (AIP), Castelli Risk Indexes — 1 (CRI-1) and Castelli Risk Indexes — 2 (CRI-2), and Lipid
Accumulation Product (LAP), using the standard formulas:

(D

Triglicerides )

AIP = logso (HDL cholesterol

CRI— 1= Total Cholesterol )
~ ° 7 HDL cholesterol

LDL Cholesterol

CRI -2 = 3

HDL cholesterol ©)
LAP,, 4 = (waist circumference [cm] — 65) X triglicerides [mmol/L] 4)
LAPfemmaie = (waist circumference [cm] — 58) X triglicerides [mmol/L] (5)

To assess the effect of weight loss on the atherogenic profile of patients, we proposed an
atherogenic load index (Atherogenic Central Load Index (ACLI)). The proposed index considers
several important benchmarks: its value should increase when the profile becomes highly
atherogenic (large waist, high triglycerides, low HDL) and should not be influenced by extreme
triglyceride values.

The proposed formula for ACLI is:

TriglicerideSmmor,L
ACLI = (WCjpm —65) XIn |1+
male ( [em] ) n ( HDL colesterolmmol/L ©
Trigliceridesmmor/1
ACLI =(Wwc¢ —58)xIn(1
female ( [em] ) n < + HDL colesterolmmoz/L @)

This ensures coherence from a pathophysiological point of view, and logarithmic
transformation of the ratio was applied to ensure robustness of the formula to extreme values. In
other words, the formula has a reduced sensitivity to outlier values.

At the same time, the proposed formula applies a normalization of the index by referring to the
protective component of HDL values that is found in the AIP formula. To quantify the change
induced by the intervention in absolute values, we calculated A ACLI = ACLIrost — ACLIrre. To
validate the new index, we evaluated the pre-post intervention change and performed its correlation
analysis with the traditional indices: AIP, CRI — 1 and CRI — 2. We also tested the correlation of the
new index with the values of the inflammatory markers hs-CRP and IL - 6.

2.7. Statistical Analysis

The statistical analysis of data was performed using SPSS v.29.0 (IBM Ireland Product
Distribution Limited, IBM House, Shelbourne Road, Ballsbridge, Dublin 4, Ireland) and the STATA
16 software (StataCorp LLC, 4905 Lakeway Drive, College Station, Texas 77845-4512, USA). The
qualitative variables were presented as absolute (n) and relative (%) frequencies. Descriptive statistics
include absolute numbers, percentages, mean, standard deviation (SD), median, and interquartile
range (IQR), in accordance with the variable type and distribution symmetry. The Kolmogorov-
Smirnov test was used to verify whether the distribution of continuous variables was normal. The t-
test for Dependent Samples or Wilcoxon Matched Pairs Test were applied to compare continuous
variables, depending on the type of distribution of each. To highlight the predictive value of the
atherogenic profile based on the new proposed index (ACLI) compared to the traditional indices,
Pearson correlation tests were performed and the correlation coefficients (r) and the slopes of the
regression lines were compared according to the regression line equation.
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The accuracy of the predictive power was comparatively evaluated based on the Receiver
Operating Characteristic (ROC) curve, taking into account the area under the curve (AUC) which
represented the compromise between the sensitivity (Se) and specificity (Sp) of the method used. The
significance level calculated in utilized tests (p-value) was considered significant for the values of
p<0.05.

2.8. Ethical Approval

Upon study enrollment, all patients gave their informed consent allowing limited use of their
anthropometric and laboratory findings data, in agreement with Declaration of Helsinki and local
ethical regulations. Ethical approval was received from Grigore T. Popa University of Medicine and
Pharmacy in Iasi, Romania, the Scientific Research Committee (345/07.09.2023). The Public Health
Directorate of Iasi, in accordance with national regulations, waived the need for ethical approval due
to the design of the study.

2.9. Sample Size Calculation

To determine the optimal sample size, we calculated the minimum volume required to ensure
the representativeness of the patient category and used relevant data from the literature [17,18]. To
achieve this prerequisite, we established a 95% confidence interval.

2
Accordingly, we used the equation: n = (Z ( 1_;)) X % with Z ( 18
interval and an allowed error of 2% (d = 0.02). For a standard deviation (o) of 8.59% for weight loss,
the minimum sample size should be 71 cases (n calculating > 70.87).
Thus, in this research, from the total number of patients (127 patients) and applying the inclusion and
exclusion criteria, a study group with 73 cases resulted.

) = 1.96 for a 95% confidence

3. Results

Out of the 73 patients who managed to complete the intervention protocol, at the enrollment
phase 12 (16.4%) were overweight and 61 (83.6%) were obese. Looking at the number of cases in each
patient group (overweight, obese) it was revealed that after 6 months, 10 out of the 12 overweight
patients (83.3%) and 45 out of the 61 obese patients (73.8%) remained in the same anthropometric
category. Only 2 initially overweight patients (16.7%) and 1 obese patient (1.7%) advanced to the
normal category (BMI and WC). 15 out of the initial 61 obese individuals advanced in the overweight
category (24.6%). These changes are presented in Figure 2, which presents the relative frequencies
reported to the total number of patients included in the study (73 patients).

Initial stat overweight: obese:
nitial status: 16.44% 83.56%
overweight: normal: obese: overweight: normal:
After the 6 months: 8 &
13.7% 2.74% 61.64% 20.55% 1.37%

Figure 2. Evolution of ponderal status before and after intervention.

The 73 individuals lost a median of 11.8 kg over the study period (IQR: 8 — 19 kg). 25 subjects
(34.2%) lost less than 10% of their starting body weight, the cutoff value agreed for efficiency of the
intervention. A summary of anthropometric and biochemical characteristics of interest at the two
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points is depicted in Table 1. Evaluation of the results indicated that the only parameter that did not
change significantly post-intervention was CRI-1 (p = 0.054).

Table 1. Anthropometric and biochemical characteristics at the time of enrollment and after 6 months of

intervention initiation.

) Anthfopometrlc and Before (at enrollment) After (at study exit) p-
biochemical measurements value*
Age (years), mean + SD 46.4+9.8 -
Gender (M/F), n(%) 30 /43 (41.1% / 58.9%) -
Height (m) 1.68 (1.62 - 1.76) -
Weight (Kg) 100.5 (87.7 - 118.7) 89 (78 —102) 0.002
BMI (Kg/m2) 34.9 (31.8 -41.2) 31.2(279-349) 0.001
Waist circumference (cm) 98 (87 -107) 89 (80 - 97) <0.001
Systolic blood pressure, mmHg 124 (92 - 189) 112 (84 - 164) 0.001
Diastolic blood pressure, mmHg 89 (72 -121) 71 (54 - 109) 0.024
Heart rate, bpm 67.2 (72.4 -90.2) 63.8 (69 — 87) 0.018
Biochemical profile
Fasting blood glucose, (mg/dL) 102 +49.8 93.6+41.2 0.001
HbAlc, glycated hemoglobin, % 53(5-5.5) 52(4.9-54) 0.003
HDL-C (mg/dL) 47 +12.5 45+8.8 0.001
LDL-C (mg/dL) 152 +£40.8 138 £29.6 <0.001
TC (mg/dL) 215+40.9 202 +32.2 0.002
Triglycerides (mg/dL) 153 (113 - 210) 138 (104 - 178) 0.001
Atherogenic indices
AIP 0.523 +0.227 0.487 £ 0.162 0.046
CRI-1 4.66 (3.77 — 5.35) 4.60(3.88-5.26)  0.054
CRI-2 3.28 (2.57 - 4) 3.22(255-3.71)  0.001
Lipid profile
LAP 62.6 (38.3 —94.6) 40.3 (27.4-64.8) <0.001
Atherogenic Central Load Index 55 3 o 05 _¢g5) 4327 (35.7-525)  0.001
(ACLI)
Inflammation markers
hs-CRP, mg/L 3.76 (2.8 - 6.2) 2.84(1.7-3.89) <0.001
IL-6, pg/mL 2.9 (1.23 -4.11) 2.18(0.8-3.03) <0.001

Values are n (%), mean * SD or median (IQR) *T-test for Dependent Samples or Wilcoxon Matched Pairs was
applied. Abbreviations: IQR, interquartile range; SD, standard deviation; BMI, body mass index; HbAlc,
glycated hemoglobin; HDL-C, high-density lipoprotein cholesterol; LDL, low-density lipoprotein; TC, Total
Cholesterol; AIP, Atherogenic index of plasma; CRI-1, Castelli Risk Indexes — 1; CRI-2, Castelli Risk Indexes — 2;
LAP, Lipid accumulation product; ACLI, Atherogenic Central Load Index; hs-CRP, high sensitivity C-reactive
protein; IL-6, interleukin-6.

ROC for AIP as prognostic factor for obesity returned a statistically significant value (AUC =
0.710, 95%CI: 0.567 to 0.854), with a cutoff value for best accuracy at 0.30. This relationship did not
extend beyond the enrollment time point. LAP was an accurate prognostic factor for discerning obese
vs overweight individuals in both the sample at initiation (AUC = 0.883, 95%CI: 0.800 to 0.965, and
exit (AUC = 0.857, 95%CI: 0.771 to 0.943).

The dietary weight loss intervention led to a statistically significant difference in three out of the
five main outcomes recorded: AIP, CRI-1, CRI-2, LAP and ACLI (Table 2). While AIP showed
improvement (i.e., lower values) following intervention, the difference did not attain statistical
significance, the results indicating a statistical uncertainty (p = 0.046). CRI-1 showed virtually no
difference between the two time slots (Table 1).

In this context, the research aims to validate an index, called Atherogenic Central Load Index
(ACLI) as a new lipid biomarker that comprehensively evaluates the balance between atherogenic
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and antiatherogenic particles in the blood to effectively reflect the cumulative atherogenic effect and
its association with inflammatory markers. To highlight the value of the new index, we evaluated the
pre-post intervention change and performed its correlation analysis with the traditional AIP, CRI-1
and CRI-2 indices. We also tested the correlation of the new index with the values of the
inflammatory markers hs-CRP and IL-6.

Table 2. Difference in anthropometric and biochemical parameter values at enrollment compared to 6 months
after intervention initiation

A,
difference: 95% Confidence
postintervention Mean Change, Interval p-
and preintervention mean (SD)  of the mean change value
A Weight, kg -9.52 (3.45) -10.33 to -8.72 0.002
A Weight %, median ~ 9.6% (7.3% -
(IQR) 11.5%)
A BMI -3.29 (1.16) -3.56 to -3.02 0.001
A Waist circumference
(cm) -7.21 (2.69) -7.63 to -6.37 <0.001
A HDL-C (mg/dL) -4.34 (0.86) -6.81 to-3.87 0.001
A LDL-C (mg/dL) -19.23 (5.92) -21.15 to-17.03 <0.001
A TC (mg/dL) -32.16 (7.85) -38.31 to-27.67 0.002
A Triglycerides (mg/dL) -35.41 (16.51) -40.47 to-32.58 0.001
A AIP (Atherogenic
index of plasma) -0.09 (0.03) -0.09 to-0.08 0.046
ACRI-1 -0.52 (0.27) -0.58 to-0.46 0.054
ACRI-2 -0.31 (0.15 -0.35 to-0.28 0.001
ALAP -9.53 (1.92) -11.17 to-7.89 <0.001
A ACLI -13.92 (6.19) -15.36 to-12.47 <0.001
A hs-CRP, mg/L -1.16 (0.74) -1.34 t0-0.99 <0.001
AIL-6, pg/mL -0.81 (0.54) -0.94 t0-0.68 <0.001

*T-test for Dependent Samples or Wilcoxon Matched Pairs was applied. Abbreviations: SD, standard deviation;
BMI, body mass index; HbAlc, glycated hemoglobin; HDL-C, high-density lipoprotein cholesterol; LDL, low-
density lipoprotein; TC, Total Cholesterol; AIP, Atherogenic index of plasma); CRI-1, Castelli Risk Indexes — 1;
CRI-2, Castelli Risk Indexes — 2; LAP, Lipid accumulation product; ACLI, Atherogenic Central Load Index; hs-
CRP, high sensitivity C-reactive protein; IL-6, interleukin-6.

To validate the new index, we evaluated the pre-post intervention change in ACLI values (A
ACLI) and performed a correlation analysis of the differences recorded in the evolution with the
changes in A AIP, A CRI-1 and A CRI -2 (Figure 3). A significant increase in A ACLI was noted with
the changes in the values of the traditional atherogenic indices: A AIP (r=0.81, p<0.001), A CRI-1 (r =
0.73, p<0.001) and A CRI-2 (r =0.63, p < 0.001) (Figure 3).
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Scatterplot: A AIP vs. A ACLI+ (Casewise MD deletion)
AACLI+ = .29758 + 163.07 * A AIP
Correlation: r = 0.81357; p = 0.0000; r* = 0.6619
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Figure 3. Correlations of the variations (A) atherogenic indices: (A) A AIP, (B) A CRI-1, (C) A CRI-2 and A ACLI
values.

Given that endothelial dysfunction is characterized by pro-inflammatory status, decreased
vasodilation, and increased vasoconstriction, the study demonstrated a significant correlation of the
proposed index (ACLI) with the inflammatory markers hs-CRP and IL-6. To allow a comparison of
the intensity of the link between ACLI and AIP and the inflammatory markers hs-CRP and IL-6, we
analyzed the results of the correlation tests. We compared the correlation coefficients and the slopes
of the corresponding regression lines. The results indicated a stronger inverse correlation of hs-CRP
values with ACLI values (before: hs-CRP vs ACLI, r = - 0.58, p < 0.001, Figure 4B; after: hs-CRP VS
ACLL r =-0.58, p <0.001, Figure 4D) compared to the results of the correlation of hs-CRP vs. AIP
(before: hs-CRP vs. AIP, r = - 0.32. p = 0.0056, Figure 4A; after: hs-CRP vs. AIP, r = - 0.34, p = 0.0032,
Figure 4C).
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Scatterplot: Before (at enroliment): hsCRP vs. ACLI (Casewise MD deletion)

ACLI = 81.0553 - 4.6064* hs-CRP
Correlation: r = -0.5841, p = 0.00000; * = 0.3412
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Figure 4. Correlation of hs-CRP values from pre- and post-intervention time with AIP and ACLI values
respectively. (A) pre-intervention (before) hs-CRP vs AIP; (B) pre-intervention (before) hs"™CRP vs ACLIL (C)
post-intervention (after) hs-CRP vs AIP; (D) post-intervention (after) hs-CRP vs ACLI.
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Different results were obtained when IL-6 values were correlated with AIP and ACLI values at
the two evaluation times: before: IL-6 vs ACLIL, r = - 0.48, p <0.001, Figure 5B; after: IL-6 vs ACLI, r =
- 0.59, p <0.001, Figure 5D) compared to the results of the IL-6 vs. AIP correlation (before: IL-6 vs.
AIP, r =-0.13. p = 0.263, Figure 5A; after: IL-6 vs AIP, r =-0.17, p = 0.149, Figure 5C). IL-6 values at
the time of enrollment and at the end of the intervention did not show a significant correlation with
AIP, but they showed a significant inverse correlation with ACLL

1.0

0.8

-0.2

Scatterplot: Before (at enrollment) IL-6 vs. AIP (Casewise MD deletion)
AIP = 0.34070 - 0.0101 *IL-6
Correlation: r = -0.1327; p = 0.2630; = 0.0176

2 4 6 8 10 12 14

“o_95% confidence

IL-6 Before (at enroliment)

(A)

ACLI Before (at enroliment)

110

10

Scatterplot: Before (at enrollment) IL-6 vs. ACLI (Casewise MD deletion)
ACLI = 73.5346 - 3.7817 * IL-6
Correlation: r = -0.4843; p = 0.00001; I = 0.2346

IL-6 Before (at enrollment)

(B)

“o_95% confidence

CC BY license.

doi:10.20944/preprints202601.2212.v1


https://doi.org/10.20944/preprints202601.2212.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 January 2026

Scatterplot: After (at study exit) IL-6 vs. AIP (Casewise MD deletion)
AIP = 0.26066 - 0.0157 * IL-6
Correlation: r = -0.1706; p = 0.1489; * = 0.0291
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Scatterplot: After (at study exit) IL-6 vs. ACLI (Casewise MD deletion)
ACLI = 71.5723 - 3.4212 * IL-6
Correlation: r = -0.5904; p = 0.00000; F* = 0.3485
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Figure 5. Correlation of IL-6 values from pre- and post-intervention time with AIP and ACLI values respectively.
(A) pre-intervention (before) IL-6 vs AIP; (B) pre-intervention (before) IL-6 vs ACLI; (C) post-intervention (after)

IL-6 vs AIP; (D) post-intervention (after) IL-6 vs ACLL
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The results obtained provide a clear conclusion on the increased predictive value that the new
index (ACLI) has for the inflammatory markers hs-CRP and IL-6. To comparatively evaluate the
accuracy that the atherogenic indices (AIP, CRI-1, CRI-2 and ACLI) have in predicting inflammatory
markers, we analyzed the ROC curves (Figure 6) and AUC values (Table 3).
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Figure 6. Receiver Operating Characteristic (ROC) curves for comparative evaluation of the predictive value of
AIP, CRI-1, CRI-2 and ACLI for the inflammatory markers hs-CRP and IL-6. (A) preintervention (before) IL-6;
(B) preintervention (before) hs-CRP; (C) postintervention (after) IL-6; (D) postintervention (after) hs"CRP.

The evaluation of the obtained AUC values allowed to clearly highlight the superior
discrimination performance of ACLI regarding the inflammatory markers hs-CRP and IL-6 in obese
or overweight patients involved in dietary interventions for weight loss. The AUC values for ACLI
were significantly higher than those corresponding to the other atherogenic indices evaluated (AIP,
CRI-1 and CRI-2) for both evaluation times (before intervention and after intervention.

Table 3. Discriminative accuracy of indices associated with atherosclerosis progression regarding the
inflammatory markers hs-CRP and IL-6 for obese or overweight patients involved in dietary weight loss

interventions.
Test Result Variable(s): Area U?;;i/zg;; Curve p-value
IL-6 before
ACLI_pre 0.944 (0.883 to 1.000) <0.001
AIP_pre 0.871 (0.782 to 0.960) <0.001
Castellil_pre 0.721 (0.605 to 0.837) 0.001
Castelli2_pre 0.587 (0.454 to 0.719) 0.203
hs-CRP before
ACLI_pre 0.947 (0.902 to 0.993) <0.001
AIP_pre 0.870 (0.784 to 0.957) <0.001
Castellil_pre 0.719 (0.602 to 0.836) 0.001
Castelli2_pre 0.635 (0.505 to 0.765) 0.048
IL-6 after
ACLI_post 0.862 (0.771 to 0.952) <0.001
AIP_post 0.698 (0.577 to 0.820) 0.005
Castellil_post 0.691 (0.567 to 0.815) 0.007
Castelli2_post 0.659 (0.528 to 0.791) 0.024
hs-CRP - after
ACLI_post 0.844 (0.754 to 0.933) <0.001
AIP_post 0.738 (0.625 to 0.852) <0.001
Castellil_post 0.715 (0.597 to 0.833) 0.002
Castelli2_post 0.641 (0.513 to 0.768) 0.039

All our results highlighted the superior potential of ACLI for predicting endothelial dysfunction
with reference to the inflammatory markers hs-CRP and IL-6, compared to traditional derived indices
associated with atherosclerosis progression (AIP, CRI-1 and CRI-2).

4. Discussion

For an index to be of interest to our research, it should be associated with progression of
atherosclerosis, an early form of CVD regularly encountered in overweight or obese patients.
Literature is abundant in indicators for predicting progression of CVD or mortality, ranging from
multiplication of laboratory values and/or anthropometric measures, lab findings alone, to ratio type
indicators. Product-type derived indicators, where all component parameters are expected to shift in
the same direction, would not require additional proof of evidence through our research. Therefore,
we included the AIP, CRI-1 and CRI-2 ratio-type indexes. LAP was added to the outcomes, despite
the product-type formula, to find which confounding factors might influence the change in LAP
throughout the diet-based weight loss intervention. In line with the ratio-type indexes, and inspired
by LAP, we included a Atherogenic Central Load Index (ACLI), where we kept the same waist
correction. A graphical summary of the research objectives is presented in Figure 9.
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Figure 9. Mechanisms underlying endothelial dysfunction in obesity or overweight.

4.1. Atherogenic Index of Plasma

The atherogenic index of plasma, with the classical formula AIP =1og10(TGL/HDL-C), proved a
statistically significant predictor ability for excess weight status at enrollment when comparing
overweight to obese people. While no clear normal range has been defined, AIP values under 0.11
are considered to yield lower risk for cardiovascular disease [19]. In our study, less than 5% of
patients both in the initial and final settings achieved this lower threshold. AIP did not prove a
relevant association to absolute values for BMI or body weight but was directly correlated to
triglyceride levels and inversely to HDL-C at enrollment. These findings are in line with existing
literature in both general and selected populations, studies reporting a better prognostic capacity of
AIP for excess body weight in comparison to other simple laboratory lipid values [20,21]. In larger
adult populational samples, AIP has proven a statistically significant direct correlation with BMI and
complementary anthropometric measurements such as waist circumference and waist-to-hip ratio
[22,23]. Stratifying for AIP values, HDL-C and TGL showed opposing trends, highest quartile values
of AIP returning lower HDL-C and higher TGL values and vice-versa [21,22].

In our study, the intervention of dietary weight loss did not return a statistically significant
difference for AIP values, neither for the entire population sample, nor for subgroups generated by
percentage of weight lost, by gender stratification, or by change in category. These findings align with
existing literature, in the manner that an efficient weight drop does not necessarily translate into an
improvement of AIP [24]. A more performant variant of AIP restricted to only the most anti-
atherogenic fractions of HDL-C has been proposed to the scientific community, but the interest in it
is still behind most modified indices (AIP-WC, AIP-Waist-to-Height-ratio, AIP-BMI). Other studies,
however, indicate that a reduction in AIP parallels the improvement in body weight as shown in
diabetic patients after bariatric surgery or after treatment with a bergamot polyphenol extract
complex, the method employed for weight drop being of lesser importance [25,26].

The importance of this index stems from its widespread associations in general population
cohorts with progression of cardiovascular disease (incidence of heart failure, progression of
atherosclerotic coronary disease) and incidence of major adverse cardiovascular events and
cardiovascular death [27-29]. Not only the individuals with alleged coronary artery disease (as
evidenced by angiography) demonstrate association between elevated AIP and increased incidence
of cardiovascular events, but also patients suffering from microvascular disease, as in type 2 diabetes
mellitus or cardio-vascular-kidney metabolic syndrome [30,31]. Evidence suggests that lower values
of AIP in the general population correlate with a reduced risk for major adverse cardiovascular
events, after adjustment for traditional CVD risk factors [32]. Our selected study population is a close

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.2212.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 January 2026 d0i:10.20944/preprints202601.2212.v1

14 of 22

approximation for the typical individual fit for a weight loss intervention. Most of the individuals
finishing the study remained in the same body weight category, but within each BMI category there
was a clinically significant reduction in the average values of AIP. This highlights the potential benefit
of an even minor reduction of excess body weight with respect to the risk for cardiovascular disease.

AIP appears to be a better prognostic factor for insidious atherosclerotic cardiovascular disease
in the general population, compared to other lipid-based composite indices [33]. In addition,
evaluation of AIP at hospital admission for acute myocardial infarction is an accurate predictor for
all-cause mortality over one-year follow-up [34]. Presumably, the connecting link between high AIP
values and increased risk of CVD is represented by traditional cardiovascular risk factors, such as
obesity, elevated blood pressure, elevated fasting plasma glucose, and oxidative stress, but proof is
yet heterogeneous [22,23,35,36].

4.2. Castelli Risk Index — 1 and — 2

We used the common formula CRI-1 = TC/HDL-C for Castelli Risk Index — 1 and CRI -2 = LDL-
C/HDL-C for Castelli Risk Index — 2. Within the whole sample, the difference between the overweight
and obese subgroups was not statistically significant at either enrollment or study completion for
both indices. Comparison of the before and after intervention values returns lower values for both
indices after the weight loss procedure, which hold statistical significance only for CRI-2 parameter.
Subgrouping for body weight loss, gender or anthropometric category change resulted in a clinically
and statistically non-significant difference in any of the resulting subgroups for CRI-1. Similar
subgrouping for CRI-2 for the between-after comparison resulted in a statistically significant
difference for the men and the obese subgroups. Considering the accepted range of normal values for
both indexes, integrating both CRI-1 and CRI-2 values into a single dichotomous index (defined as
modified if any of the two is elevated), our intervention resulted in a 10.5% reduction in the number
of patients at increased risk for cardiovascular disease — from 52.1% above the upper limit at
inclusion, to 46.6% at exit [19]. In our study, there was a strong correlation between the relative
changes of CRI — 1 and CRI - 2. This is probably due to the significant fraction of total cholesterol
present in the LDL form, whereby any variation in total cholesterol corresponds directly to a change
in LDL cholesterol.

The presence of metabolic syndrome and increased body weight in comparison to normal
weight have been associated with increased values in both indices [37,38]. However, our study lacked
a control group, and among the obese and overweight individuals we could not identify a statistically
significant difference either at enrollment or exit. Weight loss after bariatric surgery in patients
suffering from type 2 diabetes led to a significant improvement in HDL-C and a statistically
significant reduction in AIP, CRI -1 and CRI - 2 over the long-term [25]. Another study concerning
the effects of bariatric surgery upon improvement of metabolic profile showed that CRI indices were
positively correlated to weight loss and inversely to excess fat mass [39]. To our knowledge, this is
the first study concerning the effect of dietary-based weight loss intervention upon indices for
atherosclerosis and advanced cardiovascular disease. The important reduction in CRI - 2 translates
to improved cardiovascular health and delayed CVD installation.

Atherosclerotic cardiovascular disease, an early manifestation of CVD, can be analytically
predicted through the use of CRI — 1 and CRI - 2. Both exhibited sensitivities exceeding 70% in a
study involving 298 adults at a tertiary care center. Adjustment for several anthropometric and
clinical factors (e.g., age, smoking status, presence of diabetes mellitus, frequency of physical activity
practice) cancelled the predictive ability of CRI — 1 and CRI - 2, contrasting with the robustness of
AIP [33]. CRI -1 and CRI - 2 held prognostic significance for any form of CVD, but in that case the
association appeared more robust in women from the general population [40]. Another piece of
research noted that CRI — 1 and CRI - 2 may display sex-related differences, since both returned
higher values in men of working age before and after adjustment for anthropometric and laboratory
parameters [41]. This observation may constitute the basis for the noted epidemiological differences
in cardiometabolic disease, warranting the use of these indices in fundamental screening.

Presence and severity of coronary artery disease (CAD) as predicted by CRI - 1 and CRI -2 is
still disputed. Angiographically confirmed presence of CAD was associated with higher values of
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these indices, in spite of the absence of a difference in lipid profile lab values [42]. This finding was
confirmed in a more recent study on 1187 subjects, 781 of which underwent coronary angiography.
Not only was presence of stenosis associated with presence of arterial stenosis, but an individual
increase in CRI -1 or CRI - 2 was associated with multi-vessel coronary artery stenosis [43]. However,
the predictive ability may be voided under acute settings. Evaluation of cardiometabolic composite
indices within the near time proximity to an acute myocardial infarction — with or without ST-
elevation — event does not show promising prognostic features [34,44]. In patients who suffered such
a major cardiovascular event (i.e., MACE, a form of manifest CAD), neither CRI -1 nor CRI -2 should
be used as predictors for another MACE or all-cause mortality over long term follow-up [34].

4.3. Lipid Accumulation Product and Atherogenic Central Load Index

In our study we calculated LAP using a formula for women (waist circumference [cm] - 58) x
(triglycerides [mmol/L]) and for men (waist circumference [cm] - 65) x (triglycerides [mmol/L]),
advanced over 20 years ago for a better prognostic ability compared to BMI for cardiovascular risk
[45]. Diet-based approach to weight loss in our study resulted in a reduction of LAP, statistically
significant after adjustment for several factors — gender, percentage of weight lost, anthropometric
starting and ending category. The effect of controlled appropriate diet upon improvement of lipid
profile has been demonstrated in both healthy and metabolically impaired adults. Evidence shows
that adopting a DASH diet (Dietary Approaches to Stop Hypertension) in adults with metabolic
syndrome can significantly improve lipid profile [46]. A more permissive strategy based on
semiquantitative assessment of the subjects’ usual diet showed that a lower carbohydrate content is
associated with reduced levels of visceral fat, albeit this relation was true only in women [47].

Within the before-after analysis, we performed stratification for percentage of body weight loss
as a result of the intervention, using the cutoff value of 10% This resulted in a 25-individuals moderate
weight loss sample and a 48-individuals mild weight loss group. AIP and CRI-1 showed no
statistically significant difference within any of the two resulting subgroups between the two
instances of time. While CRI-2 returned a statistically significant difference between study exit and
enrollment on the whole sample, stratification by relative weight loss canceled the statistical
significance in both resulting subgroups.

LAP maintained the statistically significant difference observed for the entire population for
Before-After assessment in both of the resulting subgroups, with the lower values recorded at the
latter point in time.

We also performed stratification for gender, male and female, as medically assessed at
enrollment. Despite AIP did not return a statistically significant difference between the before and
after time points for the overall sample. Only the male group showed lower overall values for AIP
outcome, the difference attaining statistical significance. Neither the male nor the female subgroup
showed a significant Before-After difference for the CRI-1 outcome. For the CRI-2 outcome however,
stratification for gender maintained statistical significance for the Before-After difference within the
male subgroup.

LAP kept the statistically significant difference observed for the entire population for Before-
After assessment in both females and males, with the lower values recorded at the latter point in time.
Figure 7 illustrates the differences in outcomes.
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Figure 7. Evolution of LAP Before-After comparison wise, stratified by percentage of body weight lost (BWL),
lower than 10% classified as mild, more than 10% as moderate, and by gender (M, men; F, women).

The last stratification attempt was performed for change (or lack thereof) of anthropometric
category. Sample size led us to obtain three significant subgroups: 10 overweight individuals who
remained overweight; 15 obese individuals to advanced to overweight category; and 45 individuals
who remained obese. In neither of the three groups for outcomes AIP and CRI-1 the difference
between Before-After time points was statistically significant. For CRI-2 outcome, the Before-After
comparison showed lower values at the latter time point for both categories of individuals starting
as obese. However, sample size allowed only for the larger subgroup to attain a statistically
significant difference, as shown in Figures 8.
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Figure 8. Before-After comparison stratified by classifying individuals upon body weight category at study entry
and exit, respectively. CRI-2, Castelli Risk Index - 2.

Since its advancement as a straightforward parameter for visceral adiposity evaluation, LAP has
since proved its detection ability for both cardiovascular risk and disease. In a relatively small sample
of 210 patients from the general population, LAP was associated with altered lipid profile and
elevated diastolic blood pressure [48]. Larger scale studies with over 50000 and 95000 patients
showed similar findings, where individuals in the largest quartile bracket of LAP values had the
highest incidence of CVD and all-cause mortality [49,50]. This association remained significant even
after controlling potential confounding variables within the general population, an increase of one
unit in LAP translating into a 4-fold hazard risk increase for CVD [50]. Notably, on a cohort of 3000
individuals from the general population without cardiovascular disease diagnosis, LAP
demonstrated superior prognostic value for cardiovascular disease incidence over a 10-year follow-
up period compared to traditional anthropometric measures and lipid profile laboratory parameters
[51]. The clinical usability of LAP extends to prediction of cardiovascular hospitalization over long-
term follow-up in individuals suffering from stable ischemic heart disease [52]. Seriate evaluation of
LAP may be of use, as shown by the increased risk for ischemic stroke in patients exposed to a higher
LAP over a longer period [53]. The association between LAP, a surrogate marker of abdominal
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obesity, and all-mortality is partly mediated by inflammation in older adults harboring
cardiovascular risks [54].

LAP is a product-derived index, with both parameters expectedly shifting in the same direction
after a successful weight loss intervention. Confined to our research protocol, this index has limited
use for assessing intervention efficacy, since any reduction in waist circumference and a -
proportional or not to — improvement in lipid profile would synergically reduce LAP.

For this reason, we developed ACLI, which has not yet been indexed in the specialized literature.

The proposed formula ensures coherence from a physio-pathological point of view. Logarithmic
transformation of the ratio ensures robustness of the formula to extreme values, thus decreasing
sensitivity to outlier values. The formula also includes a normalization of the index by referring to
the protective component of HDL values found in the AIP formula.

We maintained within the formula the correction for waist circumference. Regarding the
numerical results, AIP and ACLI have shown a strong inverse correlation. Our hypothesis is that
ACLI may have a high prognostic capacity, which needs to be justified by future studies. The
cardiovascular prediction potential could be tested in similar interventional studies (focused on
weight loss), with long follow-up periods.

4.4. Strengths and Limitations

Our study is a reinforcement for the beneficial effects of weight loss translating into a lower risk
for cardiovascular or metabolic diseases. This is one of the few research projects to evaluate the
impact of weight loss upon lipid profile-derived indices, and to our knowledge this is the first study
where the intervention is diet-based. The study setting and initial screening methodology was
elaborated around the characteristics of a potential individual fit for a safe and efficient weight loss
process. Intervention was strictly controlled for any excessive aerobic exercise in order to ensure
uniformity. Statistical analysis was optimized for best accuracy, despite the infrequent detrimental
effect of losing clinical significance of the results (e.g., Spearman correlation). Subgrouping strategy
was based upon routine heterogeneity aspects of weight loss. The planned outcomes for analysis
included indexes consistently linked to cardiovascular and metabolic health not yet approved for
indiscriminate use, outlining the need for additional research. However, there are limiting aspects to
our research. The strict criteria of exclusion may adversely affect the applicability of our results to
frail patients. The absence of an additional aerobic exercise program might be detrimental to muscle
mass maintenance and endothelial functional status. Regression analysis by ranking in a monotonous
non-linear dependency might diminish interpretability. Nevertheless, the restricted choice of non-
imaging composite indexes for outcomes out of a vast array of available derived parameters is an
inherent limitation by design.

5. Conclusions

According to the present study, dietary-based interventions for weight loss are effective, safe
and beneficial to metabolic and cardiovascular health. A reduction in body weight translates to an
improvement in lipid profile values and composite indexes acting as prognostic factors for adverse
cardiovascular events.

Our results highlighted the superior potential of the ACLI index for predicting endothelial
dysfunction with reference to the inflammatory markers hs-CRP and IL-6, compared to traditional
derived indices associated with atherosclerosis progression (AIP, CRI-1 and CRI-2).

Since dietary-based approaches are often more convenient to patients and can be safely
implemented in individuals with significant physical impairment, clinicians should consider this
approach in selected individuals. Large-scale successful application of dietary-focused weight loss
plans would lead to a reduction in future hospitalization and medication costs and enhanced quality
of life for the patients.
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BMI Body Mass Index
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LDL Low-Density Lipoprotein
TC Total Cholesterol

A Difference

AIP Atherogenic Index of Plasma
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LAP Lipid Accumulation Product
ACLI Atherogenic Central Load Index
hs-CRP high sensitivity C-Reactive Protein
IL-6 Interleukin-6
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