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Abstract

Background Although the atherogenic index of plasma (AIP) based on a single measurement is a known risk factor
for cardiovascular disease (CVD), little is known about whether changes in AIP over time are related to incident CVD.
We aimed to determine whether AIP trajectory, which reflects homogenous AIP trends for a particular period, is
associated with CVD risk.

Methods Data from 5,843 participants of the Korean Genome and Epidemiology Study (KoGES) were analyzed. The
KoGES had been conducted biennially from the baseline survey (2001-2002) to the eighth follow-up survey (2017-
2018). The research design specifies the exposure period from baseline to the third follow-up, designates the latent
period at the fourth follow-up, and establishes the event accrual period from the fifth to the eighth follow-up. During
the exposure period, we identified two trajectories: a decreasing (n=3,036) and an increasing group (n=2,807) using
latent variable mixture modeling. Information on CVD was collected initially through the self-reporting, followed

by in depth person-to-person interview conducted by a well-trained examiner. During the event accrual period,

the cumulative incidence rates of CVD between the two AIP trajectory groups were estimated using Kaplan-Meier
analysis with the log-rank test. Multiple Cox proportional hazard models were used to estimate hazard ratios (HRs) and
95% confidence intervals (Cls).

Results The increasing AlP trajectory group had a significantly higher cumulative incidence rate of CVD than the
decreasing AIP trajectory group. Compared to the decreasing AlP trajectory group, the increasing AIP trajectory group
had a higher risk of incident CVD (HR: 1.31, 95% Cl: 1.02-1.69) after adjusting for confounders.

Conclusions The risk of incident CVD increased when the AIP level showed an increasing trend and remained high
over a long period. This suggests that checking and managing the trajectory of the AIP can be a preventive strategy
for incident CVD.
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Background

Cardiovascular disease (CVD) is a global leading cause
of mortality [1]. From 1980 to 2017, the global trend for
CVD mortality showed an increase by about 21% [2]. In
South Korea, CVD has been ranked second among the
causes of death between 2009 and 2019, and ischemic
heart disease and ischemic stroke ranked sixth and sev-
enth among the top 10 causes of death and disability,
respectively [3]. Moreover, there is an increasing trend
in the prevalence of CVD as the society ages [1, 4]. As
in Europe, the United States, and most developing coun-
tries, the socioeconomic cost due to CVD in South Korea
is rising and reached 820 million US dollars in 2015 [5, 6].

Risk factors of CVD include modifiable factors such
as obesity, hypertension (HTN), diabetes mellitus (DM),
dyslipidemia, and cigarette smoking, as well as non-mod-
ifiable factors such as sex, age, ethnicity, and heredity [7].
According to the Korean Heart Study that evaluated data
from 1997 to 2011, the attributable risk of dyslipidemia
for CVD was 8.7% in men and 4.1% in women among
modifiable risk factors [8]. As the prevalence of dyslip-
idemia in Korea increased from 9.0% to 2007 to 20.7%
in 2018, the contribution of dyslipidemia to CVD may
have increased over time [9]. Among serum lipid profile
parameters such as triglyceride (TG), high-density lipo-
protein (HDL) cholesterol, and low-density lipoprotein
(LDL) cholesterol, serum LDL cholesterol, especially
small-dense LDL (sdLDL) cholesterol which is very vul-
nerable to oxidative damage, has been identified as an
atherogenic lipoprotein parameter [10]. However, direct
measurements of sdLDL cholesterol levels are limited in
clinical practice because of lacking cost-effectiveness and
a complicated detection method [11].

The atherogenic index of plasma (AIP) is a simple index
based on TG and HDL cholesterol levels [12]. It associ-
ates with the lipoprotein particle size and cholesterol
esterification rates in apoB-lipoprotein-depleted plasma,
and this correlation suggests that the AIP could be an
independent biomarker of atherosclerotic diseases [13].
In addition, previous findings have shown that the AIP
is inversely proportional to the diameter of LDL choles-
terol particles and, thus, reflects the sdLDL cholesterol
level [14, 15]. Studies have confirmed the cross-sectional
correlation between AIP and CVD risk [16, 17]. How-
ever, lipid profiles change continuously throughout a life-
time, as does the AIP, and so far, little is known about the
cumulative and serial relationships between AIP trends
and cardiovascular outcomes. Thus, it is necessary to
determine whether the AIP trend over time is related to
the incidence of CVD.

Therefore, this study aimed to determine whether the
AIP trajectory, which reflects homogenous AIP trends
for a certain period, is associated with CVD incidence
using a large-scale community-based cohort dataset.
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Methods
Study population
The Korean Genome and Epidemiology Study (KoGES)
Ansan and Ansung is a community-based cohort study
including randomly recruited residents from Ansan, an
urbanized city located southwest of Gyeonggi-do, and
from Ansung, a rural community south of Gyeonggi-
do. For statistical reliability, participants were randomly
contacted via home visits, telephone, or mail to recruit
representative samples. The baseline survey was per-
formed in 2001-2002, and follow-up examinations were
conducted at 2-year intervals until the eighth follow-up
(2017-2018). In the present study, we defined the median
5.8 years of baseline to the third follow-up period of the
survey as the exposure period (2001-2008), the median
2.1 years of fourth follow-up as the latent period (2009—
2010) and the median 7.8 years of fifth to the eighth fol-
low-up period as the event accrual period (2011-2018).
Figure 1 shows the flowchart depicting the study popu-
lation selection process. Among the participants in the
baseline survey (n=10,030), we selected participants
without CVD during the exposure period taking the fol-
lowing exclusion criteria into account: (1) missing AIP
data at baseline (#=3); (2) missing follow-up AIP data
during the exposure period (2=1,205); (3) lack of infor-
mation about a history of CVD at baseline (n=4); (4)
prevalent CVD at baseline (n=274); (5) participants
who newly developed CVD during the exposure period
(n=224); (6) participants who newly developed CVD
during the latent period (n=86), and (7) missing data
on the event accrual period (#=2,391). Finally, 5,843
participants were included in the analysis. This study
was approved by the institutional review board (IRB)
of Nowon Eulji Medical Center (IRB number: EMCS
2022-12-010).

Assessment of the AIP trajectory groups
The AIP is defined by the following equation [14]:

AlIP=log (TG (mg/dL) / HDL cholesterol (mg/dL)).

Using the baseline and follow-up AIP measurements
during the exposure period, we performed latent variable
mixture modeling to identify trends of changes in AIP.
Latent variable mixture modeling and group-based tra-
jectory modeling are representative statistical methods
used for trajectory analysis [18]. In our study, we used
latent variable mixture modeling to identify AIP trajec-
tories; this approach has the ability to capture potential
heterogeneity in AIP trends over time, which might not
be fully captured by a predefined set of groups in group-
based trajectory modeling [19].

Groups of the study population that maintained rela-
tively homogeneous AIP trends during the study period
were classified as AIP trajectories [20—22]. The optimal
number of AIP trajectories was identified by applying
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Excluded

1) Missing baseline AIP data (n = 3)

2) Missing follow-up AIP data during the exposure period (n = 1205)
3) Missing baseline CVD information (n = 4)

4) Prevalent CVD at baseline (n = 274)

5) Incident CVD during the exposure period (n = 224)

5) Incident CVD during the latent period (n = 86)

4) No data on event accrual period (n = 2391)

Decreasing AIP trajectory
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Fig. 1 Study flowchart. Abbreviations: AIP, atherogenic index of plasma; CVD, cardiovascular disease
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Fig. 2 Group-based trajectory modeling according to the atherogenic index of plasma (AIP).

the minimum Bayesian information criterion (Table
S1). Finally, we identified two trajectories: a group with
decreasing trend of AIP trajectory (n=3036) and a
group with increasing trend of AIP trajectory (n=2807),
as shown in Fig. 2, considering the random effect using
individual AIP data (Table S2). The AIP ranged between
0.20 and 0.40 in the decreasing AIP trajectory group and
between 0.55 and 0.70 in the increasing AIP trajectory
group during the exposure period.

Assessment of CVD

CVD was defined as cerebrovascular accident, periph-
eral arterial occlusive disease, myocardial infarction,
or angina pectoris. CVD history was assessed based on
self-reported medical history at each follow-up. If a par-
ticipant reported an incident CVD event, a well-trained
examiner confirmed the case after an in-depth personal
interview. In a previous study that utilized data from the
same cohort, the concordance between self-reported
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diagnoses and those ascertained by physician reviews of
medical records was 93% [23]. Person-time for each par-
ticipant was calculated from the start point of the event
accrual period (2009-2010) until one of the following
were observed: occurrence of CVD, loss to follow-up,
or the end of the event accrual period (2017-2018). For
individuals who did not experience CVD or were still
under follow-up at the end of the event accrual period,
person-time was censored at that point.

Covariates
With reference to the Korean Society for the Study
of Obesity, obesity was defined as a body mass index
(BMI)>25 kg/m? which was calculated by dividing
weight by the square of height (kg/m?) [24]. We mea-
sured systolic blood pressure (SBP, mmHg) and diastolic
blood pressure (DBP, mmHg) in the sitting position after
at least 30 min of rest. The smoking status of participants
was classified as never, ex-, intermittent, or daily smoker.
The drinking status of participants was classified as non-
drinker or current drinker. Regarding the measurement
of physical activity, we utilized the International Physical
Activity Questionnaire to assess the metabolic equiva-
lents of task (METs)-hours per day (METs-h/day). This
was based on participants’ self-reported hours spent in
various activities, including sleeping, sedentary behavior
(0 METs), very light (1.5 METs), light (3 METs), mod-
erate (5 METs), and heavy (7 METs) physical activities
[25]. Participants were subsequently divided into three
groups based on their weekly hours of physical activity:
low (<7.5 METs-h/day), moderate (7.5-30 METs-h/day),
and high (>30 METs-h/day) [26]. We calculated the total
energy intake (kcal/day) based on a 103-item food fre-
quency questionnaire. Blood samples were collected after
at least 8 h of fasting. Fasting plasma glucose (FPG), total
cholesterol, TG, HDL cholesterol, C-reactive protein
(CRP), and white blood cell counts were analyzed. Serum
LDL cholesterol levels were calculated using the Friede-
wald formula in case of serum TG levels <400 mg/dL.
DM was defined as glycosylated hemoglobin=>6.5%,
FPG>126 mg/dL, plasma glucose>200 mg/dL at 2 h in
the oral glucose tolerance test, or treatment with anti-
diabetic medications or insulin therapy [27]. HTN was
defined as SBP>140 mm Hg, DBP>90 mm Hg, or treat-
ment with antihypertensive agents according to the 7th
Joint National Committee [28]. Dyslipidemia was defined
based on any one of the following criteria: (1) serum total
cholesterol>240 mg/dL, (2) serum TG>200 mg/dL, (3)
serum LDL cholesterol>160 mg/dL, (4) serum HDL cho-
lesterol <40 mg/dL for men or <50 mg/dL for women, or
(5) treatment with lipid-lowering medications [29].
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Statistical analysis

Continuous variables, including age, BMI, waist circum-
ference (WC), MBP, FPG, serum total cholesterol, TG,
HDL cholesterol, LDL cholesterol, CRP, and total energy
intake, were expressed as mean*standard deviation. Cat-
egorical variables, including sex, smoking status, current
drinking, physical activity, HTN, DM, and dyslipidemia,
were expressed as numbers (percentages). Significant
differences between continuous variables were assessed
using Student’s t-test, whereas the chi-square test was
used to analyze differences between categorical variables.

The cumulative incidence rates of CVD between the
two AIP trajectory groups were estimated using Kaplan—
Meier analysis and compared using the log-rank test.
Multiple Cox proportional hazard regression analyses
were performed to estimate the hazard ratios (HRs) and
95% confidence intervals (CIs) for incident CVD in the
two AIP trajectory groups.

All statistical analyses were conducted using the SPSS
software version 23 for Windows (IBM Corp., Armonk,
NY, USA) and R software (version 4.1.3; R Foundation for
Statistical Computing, Vienna, Austria). We used the R
package ‘lemm’ for latent variable mixture modeling. Sta-
tistical significance was set at P<0.05.

Results

Baseline characteristics of the study population

The baseline characteristics of the study population
are summarized in Table 1. The proportion of men was
46.4%, and the average age was 51.5 years in the total
study population. The mean values of BMI, WC, MBP,
FPG, total cholesterol level, LDL level and TG level, as
well as the proportions of daily smokers, current drink-
ers, participants with low intensity of physical activity,
patients with HTN, patients with DM, and patients with
dyslipidemia, were higher in the increasing AIP trajec-
tory group than in the decreasing group. By contrast,
the mean values of serum HDL levels were lower in the
increasing AIP trajectory group than in the decreasing

group.

Incidence of CVD by AIP trajectory group

During the median 7.8 years of event accrual period,
278 (4.8%) newly developed CVD cases were registered
in total. The incidence rate per 2 years ranged from 1.22
to 1.53 (Table 2). Figure 3 presents the Kaplan—Meier
estimates of the cumulative incidence rate of CVD by
AIP trajectory group. The increasing AIP trajectory
group had a higher cumulative incidence rate of CVD
than the decreasing AIP trajectory group (P for log-rank
test<0.001).
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Table 1 Baseline characteristics of the study population
AIP trajectory groups

Total Decreasing Increasing P

(n=5843) (n=3036) (n=2807) value’
Male sex, n (%) 2709 (46.4%) 1225 (40.3%) 1484 (52.9%) <0.001
Age, years 515+85 512+85 519+84 0.001
BMI, kg/m2 246+3.1 240+3.1 253429 <0.001
WC, cm 825+87 80.3+8.8 850+79 <0.001
MBP, mmHg 96.2+12.9 943+128 982+128 <0.001
Smoking status, n (%) <0.001
Never smoker 3628 (62.9%) 2050 (68.5%) 1578 (56.8%)
Ex-smoker 875 (15.2%) 415 (13.9%) 460 (16.6%)
Intermittent smoker 123 (2.1%) 66 (2.2%) 57 (2.1%)
Daily smoker 1145 (19.8%) 462 (15.4%) 683 (24.6%)
Current drinker, n (%) 2781 (48.0%) 1362 (45.2%) 1419 (50.9%) <0.001
Physical activity, n (%) <0.001
Low 413 (7.3%) 211 (7.2%) 202 (7.4%)
Moderate 3418 (60.7%) 1806 (61.8%) 1612 (59.4%)
High 1804 (32.0%) 906 (31.0%) 898 (33.1%)
FPG, mg/dL 86.5+19.6 839+148 89.4+234 <0.001
Total cholesterol, mg/dL 190.5+34.5 185.6+32.5 195.8+35.8 <0.001
Triglyceride, mg/dL 160.0+£103.1 1266+62.8 196.1+£1239 <0001
HDL cholesterol, mg/dL 447+99 478+10.2 413+84 <0.001
LDL cholesterol, mg/dL 115.1+£309 112.8+£294 117.7+£323 <0.001
CRP, mg/dL 02405 02+04 03+0.7 <0.001
Total energy intake, kcal/day 1968.0+7006 1973.0+721.1 1962.6+677.8 <0.001
HTN, n (%) 2130 (36.5%) 942 (31.0%) 1188 (42.3%)  <0.001
DM, n (%) 656 (11.2%) 225 (7.4%) 431 (15.4%) <0.001
Dyslipidemia, n (%) 2755 (47.2%) 946 (31.2%) 1809 (64.4%) <0.001

Abbreviations: AIP, atherogenic index of plasma; BMI, body mass index; CRP, C-reactive protein; DM; diabetes mellitus; FPG, fasting plasma glucose; HDL, high-
density lipoprotein; HTN, hypertension; LDL, low-density lipoprotein; MBP, mean blood pressure; WC, waist circumference

“P value for the comparison of the baseline characteristics between participants of the decreasing AIP trajectory group and those of the increasing AIP trajectory

group. Significance was set at P value<0.05

Table 2 Incidence of cardiovascular disease during the follow-up

Exposure period Latent period Event accrual period
Follow-up Baseline to 3rd f/u 4th f/u 5th f/u 6th f/u 7th f/u 8th f/u
Year range 2001-2008 2009-2010 2011-2012 2013-2014 2015-2016 2017-2018
Total, n 5843 5843 5426 5017 5133 4983
Incidence cases, n 76 61 65 76
Incidence rate per 2 years 1.40 122 1.27 1.53
Abbreviation: f/u, follow-up
Associations of AIP trajectories and incident CVD Discussion

Table 3 presents the HRs with 95% ClIs for incident CVD
in participants with an increasing trajectory of AIP versus
those with a decreasing trajectory of AIP. Compared to
the decreasing AIP trajectory group, the increasing AIP
trajectory group had a higher risk of incident CVD (HR:
1.57,95% CI: 1.47-2.00). Similar trends were observed in
the adjusted models. The adjusted HRs (95% Cls) for inci-
dent CVD of the increasing AIP trajectory group were
1.43 (1.12-1.83) in model 1, 1.34 (1.04—1.73) in model 2,
and 1.31 (1.02-1.69) in model 3, respectively, compared
to those of the decreasing AIP trajectory group.

This study aimed to explore the possible relationship
between the AIP trajectory and CVD using a large-scale
community-based cohort dataset. While a single mea-
surement of AIP can provide valuable information about
an individual’s current CVD risk, tracking AIP trajecto-
ries over time allows for the identification of individuals
who consistently exhibit high AIP levels. Two patterns
of AIP trajectories were identified during the expo-
sure period: increasing values and decreasing values.
The incident CVD rate in the increasing AIP trajectory
group was significantly higher than that in the decreas-
ing AIP trajectory group. Moreover, the increasing AIP
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Fig. 3 Kaplan-Meier curves of the cumulative incidence of CVD according to AIP trajectory groups. Abbreviations: AP, atherogenic index of plasma; CVD,

cardiovascular disease

Table 3 Cox proportional hazard regression analysis for incident cardiovascular disease based on the atherogenic index of plasma

trajectory groups

AIP trajectory groups

Decreasing Increasing
Number, n 3036 2807
Incident CVD case, n 115 163
Follow-up period, person-year 22055.2 20101.3
Incidence rate per 1000 person-year 521 8.11

HR HR (95% Cl) Pvalue
Incident CVD risk
Unadjusted 1 (reference) 1.57 (1.47-2.00) <0.001
Model 1 1 (reference) 143 (1.12-1.83) 0.004
Model 2 1 (reference) 1.34(1.04-1.73) 0.022
Model 3 1 (reference) 1.31(1.02-1.69) 0.037

Model 1: adjusted for age, sex, and body mass index

Model 2: adjusted for variables included in model 1 plus smoking status, drinking status, physical activity, and total energy intake

Model 3: adjusted for variables included in model 2 plus hypertension, diabetes mellitus, and serum C-reactive protein

Abbreviations: AIP, atherogenic index of plasma, CVD, cardiovascular disease; Cl, confidence interval; HR, hazard ratio

trajectory group had a higher risk of incident CVD than
the decreasing AIP trajectory group in both crude and
adjusted models. Additional analysis by CVD subtypes
further indicated their individual significance in relation
to AIP trajectories (Fig. S2). This supports the argument
that maintaining a high AIP for a long period significantly
increases the probability of CVD occurrence.
Considering the contribution of dyslipidemia to the
development of atherosclerosis, it is very important to

monitor the changes in lipid profiles, especially serum
sdLDL levels, since sdLDL induces atherosclerotic lesions
[30]. Several studies indicate that through the AIP, con-
siderable information about the lipoprotein spectrum
can be inferred, especially about the LDL cholesterol par-
ticle size [14—16, 31]. The formula for calculating the AIP
incorporates the serum TG and HDL cholesterol levels,
and using the AIP as a substitute marker for sdLDL has
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the advantages of cost-effectiveness and simplicity of its
measurement.

While previous studies only determined the correla-
tion between AIP at baseline and incident CVD [32-34],
we verified the association of AIP trajectories with inci-
dent CVD. Considering that trajectory modeling is a
useful statistical method for predicting different out-
comes between subgroups of individuals exhibiting simi-
lar patterns over time [35], our results, obtained using
AIP trajectory modeling, provide valuable insights into
the long-term effects of lipid profiles on CVD risk. This
analysis also supports the importance of monitoring lipid
changes over time and subsequently extends evidence
from previous studies [32-34].

Although the mechanisms for the relation of AIP tra-
jectories with CVD risk remain unclear, several possible
explanations may account for this relationship. First,
increasing AIP trajectory could reflect the increasing
trend of insulin resistance. Many studies have investi-
gated the association between insulin resistance and
CVD [36-38], and it has been found that hypertriglyc-
eridemia and decreased levels of HDL cholesterol affect
insulin resistance [39]. Hypertriglyceridemia inhibits
glucose entry into cells and negatively affects glucose
oxidation, resulting in insulin resistance [40]. In addi-
tion, as the TG level increases, the number and activity
of insulin receptors in fat cells decrease [40]. The effect of
HDL cholesterol on insulin sensitivity is due to its capa-
bility to facilitate glucose uptake into target cells such as
hepatocytes, myocytes, and adipocytes [41]. Due to this
dyslipidemia-insulin resistance interaction, the TG/HDL
cholesterol ratio has been used as an insulin resistance
marker [42]. Second, AIP is significantly correlated with
the number of very LDL and sdLDL particles, which can
upregulate the expression of adherence molecules on
endothelial cells [43]. Direct associations between AIP
and atherosclerosis have been identified in several stud-
ies, including arterial stiffness [44], carotid artery intima-
media thickness, and overall state of atherosclerosis [45,
46). Several studies have demonstrated that the AIP has
potential efficacy in predicting CVD risks [13, 16, 31].
In line with these studies, the prevalence of DM, HTN,
and incidence of CVD was significantly higher in the
increasing AIP group than in the decreasing AIP group.
Finally, systemic inflammation is considered a key fac-
tor in the development of CVD [47], and inflammatory
responses may have mediated the association between
AIP and CVD [31, 48]. Zhan et al. [49] suggested that
the AIP is a reliable biomarker of ischemic heart disease
and reported the relationship between AIP increases and
the high incidence of ischemic heart disease mediated by
lipid-driven inflammation. Thus, we performed a media-
tion analysis to determine the effect of serum CRP levels
as mediators of CVD development (Table S3). Although
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CRP is the most commonly used biomarkers of systemic
inflammation [50-52], contrary to our expectations, the
mediation effect of CRP was not significant. Possible
explanations for these results are that pro-inflammatory
cytokines other than CRP, such as tumor necrosis factor
alpha, interleukin (IL)-1, or IL-6, may act as mediators,
and other effects that may cause chronic inflammation
could not be completely ruled out in this study. More-
over, genetic differences such as single nucleotide poly-
morphisms between increasing and decreasing AIP
trajectory groups need to be further analyzed. Therefore,
further research is needed to identify possible mediators
between AIP trajectories and CVD.

This study has several strengths compared to previous
studies. First, unlike previous studies, our study con-
firmed the trend based on trajectories, not spot-checks,
which means the study period is the result of data for
up to 16 years, including 6 years of exposure, 2 years of
latent period and 8 years of event accrual period. To the
best of our knowledge, this study is the first to verify that
identifying the trend of time-varying variables using tra-
jectory modeling is an important part of CVD preven-
tion. Second, it also has the strength of research using a
large population cohort, which demonstrated a robust
association between AIP and future CVD risk.

In addition, our research has some limitations. First,
selection bias may have occurred because CVD that
occurred during the exposure period was not included in
the analysis. Second, the prevalence of CVD in the study
participants was not directly assessed using the 10th
revision of the International Statistical Classification of
Diseases code; instead, it was determined through inter-
views. In this process, recall bias or incomplete reporting
may have occurred. Nevertheless, we believe the reliabil-
ity of this study considering the high concordance rate
(93%) of diagnoses of disease between self-reported diag-
noses and those ascertained by physician review of medi-
cal records [23]. Third, information on mortality was not
available. Therefore, the possibility of under-diagnosis
of CVD in this study exists. Moreover, it is possible that
only healthier people were selected, and the selection bias
had rather increased. Fourth, we assumed that changes in
AIP during the latent period did not affect CVD events.
Fifth, only Korean individuals were included in the cur-
rent analysis. Considering that the mean value of AIP
varies depending on ethnicity [53], our results cannot be
generalized to other ethnic populations. Nonetheless, the
results of this study still have clinical significance in that
AIP trajectories can be a reliable predictor of CVD risk in
Asian ethnicities.
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Conclusions

In conclusion, the risk of incident CVD increased when
an increasing trend of AIP was maintained for a long
time. This suggests that serial monitoring of AIP can be a
preventive strategy for incident CVD. Further laboratory
research and large-scale clinical studies should be con-
ducted to explain the exact mechanism of the relation-
ship between trajectories of AIP and CVD risk.
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