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Abstract

Background The atherogenic index of plasma (AIP) has been shown to be positively correlated with cardiovascular
events. However, it remains unclear whether hypertensive patients with long-term high AIP levels are at greater

risk of developing heart failure (HF). Therefore, the aim of this study was to investigate the association between AIP
trajectory and the incidence of HF in hypertensive patients.

Methods This prospective study included 22,201 hypertensive patients from the Kailuan Study who underwent three
waves of surveys between 2006 and 2010. Participants were free of HF or cancer before or during 2010. The AIP was
calculated as the logarithmic conversion ratio of triglycerides to high-density lipoprotein cholesterol. Latent mixed
modeling was employed to identify different trajectory patterns for AIP during the exposure period (2006-2010). Cox
proportional hazard models were then used to estimate the hazard ratio (HR) and 95% confidence interval (Cl) for
incident HF among different trajectory groups.

Results Four distinct trajectory patterns were identified through latent mixture modeling analysis: low-stable group
(n=3,373; range, -0.82 to -0.70), moderate-low stable group (n=12,700; range, -0.12 to -0.09), moderate-high stable
group (n=5,313; range, 0.53 to 0.58), and elevated-increasing group (n=815; range, 1.22 to 1.56). During a median
follow-up period of 9.98 years, a total of 822 hypertensive participants experienced HF. After adjusting for potential
confounding factors, compared with those in the low-stable group, the HR and corresponding Cl for incident HF in
the elevated-increasing group, moderate-high stable group, and moderate-low stable group were estimated to be
1.79(1.21,2.66), 149 (1.17,1.91), and 1.27 (1.02,1.58), respectively. These findings remained consistent across subgroup
analyses and sensitivity analyses.
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Conclusion Prolonged elevation of AIP in hypertensive patients is significantly associated with an increased risk of
HF. This finding suggests that regular monitoring of AIP could aid in identifying individuals at a heightened risk of HF

within the hypertensive population.

Keywords Atherogenic index of plasma, Trajectory, Heart failure, Hypertension

Background

Heart failure (HF) poses a significant threat to global
public health due to its substantial morbidity and mortal-
ity rates, diminished quality of life, and exorbitant medi-
cal expenses [1, 2]. It is estimated that HF affects more
than over 64.3 million individuals worldwide, with an
alarming one-year mortality rate ranging from 15 to 30%
in the absence of appropriate treatment [3, 4]. Among the
multitude of risk factors contributing to HF development,
hypertension has emerged as one of the most influential
modifiable factors [5]. The prevalence of hypertension
in China has experienced a staggering surge over the
past five decades, with approximately one out of every
four Chinese adults currently afflicted by this condition
[6]. Patients with hypertension face a two- to three-fold
heightened risk for incident HF compared to those with
normal blood pressure levels [7]. Moreover, some hospi-
talized HF patients have a history of hypertension upon
screening, and these coexisting patients often exhibit an
unfavorable prognosis and elevated mortality rates [8].
Consequently, it becomes imperative to implement viable
strategies aimed at identifying high-risk populations sus-
ceptible to HF and effectively preventing its incidence.

In addition to the impact of blood pressure on vascular
health, dyslipidemia commonly observed in hypertensive
patients is also a pathogenic factor contributing to the
development of HF [9]. Hyperlipidemia typically induces
coronary atherosclerosis in individuals with hyperten-
sion, leading to the occurrence of coronary heart disease
and subsequent HF episodes during advanced stages [10].
Recently, the atherogenic index of plasma (AIP), calcu-
lated as the logarithmic conversion ratio of triglyceride
(TG) to high-density lipoprotein cholesterol (HDL-C),
has emerged as a novel marker for assessing atheroscle-
rosis and cardiovascular disease (CVD) [11, 12]. From the
aforementioned research evidence, it could be inferred
that AIP may serve as a potential risk factor for HE. How-
ever, there is a paucity of previous studies investigating
the association between AIP and HF. Only one cross-
sectional study has reported a plausible inverse relation-
ship between AIP and HF in the general population [13],
but the limitations of this study lie in its cross-sectional
design and sole reliance on a single measurement of
AIP. Furthermore, no long-term relationship has been
observed between dynamic changes in AIP and HF, par-
ticularly among hypertensive individuals. To date, it
remains uncertain whether individuals with persistently

elevated long-term AIP levels among hypertensive
patients face an increased risk of developing HFE.

To address this knowledge gap, we used data from the
Kailuan Study, a prospective population-based cohort
study, to investigate the association between AIP trajec-
tory patterns over 4 years and the risk of developing HF
in hypertensive patients.

Methods

Study design and participants

The Kailuan study is an ongoing prospective cohort study
(trial registration number: ChiCTR-TNRC-11001489).
In brief, all 155,418 active and retired employees aged
18 years or older of the Kailuan Group, Tangshan,
China, were invited to participate in 2006. A total of
101,510 participants (81,110 males and 20,400 females,
aged 18-98 years) agreed to participate and completed
the first survey from June 2006 to October 2007. There
were no significant demographic differences between
those who agreed to participate in the study and those
who declined, except for a change in gender distribution
(79.9% of the participants were male, while 85.9% of the
Kailuan Group employees were male). All participants
underwent questionnaire assessment, physical examina-
tion, and laboratory tests at 11 hospitals responsible for
Kailuan community. These participants were followed
up every two years to update their status on the above
parameters [14]. Details of the Kailuan Study cohort
design, methods, and data collection have been published
previously [15, 16]. In brief, a total of 101,510 community
residents aged 18 years and older were recruited from
2006 to 2007 and received standardized questionnaires
and clinical examinations at 11 community health ser-
vice facilities. Of these, 23,060 were identified as having
hypertension at baseline (2006—2007). 452 participants
with a history of heart failure or cancer before 2006 and
during 2006-2011 were excluded. In addition, 407 par-
ticipants with TG or HDL-C deficiency before the third
physical examination (2010-2011) were excluded. A total
of 22,201 participants were finally included (Fig. 1). The
AIP index trajectory was established for the exposure
period (2006 to 2010) to predict the risk of HF for partici-
pants from 2010 to 2020. This study was approved by the
Ethics Committee of Kailuan General Hospital according
to the guidelines outlined in the Declaration of Helsinki.
All participants agreed to participate in this study and
provided written informed consent.
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Participants enrolled in baseline survey at 2006
(N=101,510)

Excluded:
43,583 participants did not finish the
survey at 2008 and 2010

Participants met the inclusion criteria at 2008 and
2010 (N=57,927)

Excluded:

-34,867 participants without hypertension

- 171 participants with HF before or in 2006-
2010

- 281 participants with cancer in 2006, 2008 or
2010 survey

-407 participants with missing data on TG or
HDL-C at 2006-2010

22,201 participants included in analysis
and follow-up Until December 31 2020

Fig. 1 Flow chart of inclusion and exclusion in this study

Data collection and definition

Face-to-face interviews were conducted with all partici-
pants, and structured questionnaires were used to collect
information on demographic characteristics (e.g., age,
sex), self-reported medical history (e.g., cardiovascular
disease, hypertension, diabetes, ) medication history (e.g.,
antihypertensive, lipid-lowering, hypoglycemic drugs),
and lifestyle (e.g., smoking status, drinking status, physi-
cal activity). Current smokers were defined as having
smoked for more than 1 year, with an average of >1 ciga-
rette per day, and were still smoking in the last year. Cur-
rent drinkers were defined as having consumed alcohol
for more than 1 year, with an average alcohol consump-
tion>100 ml/ day, and were still drinking in the last year.
Smoking and drinking status were graded as yes or no.
Active physical exercise was defined as exercise >4 times
a week, each time duration at least 20 minutes [17]. Body
mass index (BMI) was calculated as weight (kg)/ height
(m?). Education level was divided into junior high school
or below and senior high school or above. Blood pressure
(BP) was measured by a trained physician according to a
standardized protocol, using a calibrated mercury sphyg-
momanometer to detect blood pressure (BP) in the left
upper arm at least twice while the participant was seated.
If the difference between the two measurements was >5
mmHg, BP was measured again and the average of the
three BP measurements was recorded [18]. Hyperten-
sion was defined as a systolic blood pressure (SBP)>140
mmHg, or/and diastolic blood pressure (DBP)=90
mmHg, or/and a history of clearly diagnosed hyperten-
sion or/and taking antihypertensive drugs [19]. Diabetes
was defined as FPG>7.0 mmol/L, or/and a definite his-
tory of diabetes or/and use of hypoglycemic drugs [20].
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Biochemical indicators and AIP index

A blood sample of 5 mL was taken from the anterior
elbow vein at 7-9 a.m. on the day of the physical exam-
ination after the participants had fasted for at least 8 h,
and the blood was injected into a vacuum tube contain-
ing EDTA. The supernatant was centrifuged at room
temperature and measured within 4 h. Biochemical indi-
ces such as total cholesterol (TC), C-reactive protein
(hs-CRP), FPG, TG were measured by reviewers using
an automated analyzer (Hitachi 747, Tokyo, Japan) in the
hospital central laboratory [21]. AIP index was calculated
as the Log transformation of the ratio of triglyceride to
high-density lipoprotein cholesterol (AIP=log (TG/
HDL-C)) as previously described [11].

HF and follow-up

The primary outcome was the first occurrence of HF
events, with follow-up starting at the 2010 annual physi-
cal examination and continuing until the date of HF
onset, death, or the end of follow-up (December 31,
2020), whichever came first. We used ICD-10 revision
code 150.x to identify HF cases [22]. Discharge records
from 11 local hospitals were collected and reviewed
annually by specialized teams to identify patients with
suspected HF. The definition of HF was revised accord-
ing to the diagnostic criteria of the Chinese Guidelines
for the Diagnosis and Treatment of Heart Failure [23]. A
thorough review of the chart identified the following: (1)
the presence of symptoms of HE, such as dyspnea, fatigue,
and fluid retention. NYHA class II, III, IV or Killip class
I1, I1L, IV; (2) Left ventricular ejection fraction<50% mea-
sured by two-dimensional and Doppler echocardiogra-
phy (modified Simpson method); (3) increased plasma
level of natriuretic peptide (NT-proBNP). Diagnosis of
HF requires at least condition (1) and at least one of con-
ditions (2) and (3).

Statistical analysis

All statistical analyses were performed using SAS version
9.4 (SAS Institute, Inc, Cary, NC). We used AIP trajecto-
ries from 2006 to 2010 as the primary exposure. AIP tra-
jectories were determined by latent mixture modeling in
the SAS Proc-Traj program [24—26]. The Bayesian Infor-
mation Criterion (BIC) was used to assess model fit and
the model with four patterns was determined to be the
best fit. Continuous and normally distributed data were
described by meantstandard deviation (xts). One-way
ANOVA or Kruskal-Wallis test was used for compari-
son between groups. Continuous data with skewed dis-
tribution were described as medians and interquartile
ranges (25% and 75%), and comparisons between groups
were performed with the use of the Wilcoxon rank-sum
test. Categorical variables were summarized as numbers
and percentages (%), and chi-square tests were used for
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Table 1 Baseline characteristics of hypertensive patients according to the trajectories of AIP from 2006 to 2010

Variables Total Low-stable Moderate low-stable Moderate high-stable Elevated-increasing P

N (%) 22,201(100) 3373(15.2) 12,700(57.2) 5313(23.9) 815(3.7) —
Age, years 5754+11.18 60.30+£10.89 57.78+11.29 55.89+10.81 53.27+997 <0.01
Male, n (%) 18,258(82.2) 2737.0(81.1) 10,358(81.6) 4462.0(84.0) 701.00(86.0) <0.01
BMI, kg/m? 25.93+340 24314328 25.85+3.30 26.96+3.30 27.19+3.14 <0.01
SBP. mm/Hg 14198+19.30 142401964 141.64+19.40 142.45+18.93 142.52+18.59 0.03
DBP, mm/Hg 89.36+£10.87 88.14+£10.84 89.17£10.79 90.32+£10.98 91.14+£10.78 <0.01
HDL-C, mmol/L 1.52+045 1.91£0.56 1.52+0.38 1.34+037 1.17+£041 <0.01
LDL-C, mmol/L 2.63+0.87 243+0.89 2.69+0.85 2.65+0.84 246+1.00 <0.01
TC, mmol/L 5.07+1.04 4.95+0.99 5.01+0.99 5.18+1.06 5.65+1.56 <0.01
TG, mmol/L 1.79+£1.69 0.79+0.29 141064 2.59+147 6.72+4.75 <0.01
hs-CRP, mmol/L 2.70+5.70 2.81+5.86 2.54+5.69 2.93+5.60 3.21+565 <0.01
AIP in 2006 0.03+067 -0.77£0.40 -0.10+043 0.64+048 1.26+0.58 <0.01
AlPin 2008 0.02+0.69 -0.84+0.39 -0.09£041 0.62+048 1.50+£0.62 <0.01
AlIPin 2010 -0.01£0.71 -0.90+£0.39 -0.12+042 0.59+£048 1.63+£0.67 <0.01
Current smoker, n (%) 8193.0(36.9) 1125.0(334) 4505.0(35.5) 2177.0(41.0) 386.00(47.4) <0.01
Current drinker, n (%) 7263.0(32.7) 1070.0(31.7) 3889.0(30.6) 1944.0(36.6) 360.00(44.2) <0.01
Physical activity, n (%) 3602.0(16.2) 597.00(17.7) 2058.0(16.2) 835.00(15.7) 112.00(13.7) 0.02
High school or above, n (%) 4267.0(19.2) 452.00(134) 2435.0(19.2) 1204.0(22.7) 176.00(21.6) <0.01
Diabetes mellitus, n (%) 3445.0(15.5) 297‘00(8 81) 1763.0(13.9) 1131.0(21.3) 254.00(31.2) <0.01
Hypoglycemic drugs, n (%) 1335.0(6.01) 13.00(3.35) 678.00(5.34) 450.00(8.47) 94.00(11.5) <001
Anti-hypertensive drugs, n (%)  5550.0(25.0) 624.00(18.5) 3052.0(24.0) 1605.0(30.2) 269.00(33.0) <0.01
Lipid-lowering drugs, n (%) 373.00(1.68) 17.00(0.50) 163.00(1.28) 167.00(3.14) 26.00(3.19) <0.01

Note: AIP, atherogenic index of plasma; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; hs-CRP, high-sensitivity C-reactive protein

between-group comparisons. The cumulative incidence
of HF for each trajectory group was calculated with the
use of the Kaplan-Meier method and compared with
the use of the log-rank test. In addition, Cox propor-
tional hazard models were developed to analyze HR and
95%CI for HF in the different trajectory groups, and the
proportional hazards assumption was met. Model 1 was
adjusted for age and sex. Model 2 was adjusted for age,
sex, BMI, hs-CRP, TC, eGFR, current smokers, current
drinkers, physical activity, education level, hypertension,
and diabetes. Further adjustments for the use of antihy-
pertensive, hypoglycemic, and lipid-lowering drugs were
made in model 3. Subgroup analyses were performed
by sex (male vs. female), age (<65 years vs. 265 years),
BMI (<28 kg/m? vs. >28 kg/m?), BP (<140/90 mmHg
Vs. 2140/90 mmHg) and diabetes (Yes vs. No). We per-
formed several sensitivity analyses to test the robustness
of our results. First, to minimize possible reverse causal-
ity, participants with an event of HF within 2 years were
excluded. Second, we excluded participants who had a
previous myocardial infarction, given the possible effect
on heart failure after a myocardial infarction. Third, par-
ticipants using antihypertensive, hypoglycemic, or lipid-
lowering drugs were excluded, respectively, to account
for the effect of different drugs on the results. Finally, to
explore whether the association between AIP index tra-
jectories and outcomes could be attributed to the effect
of a single measurement of AIP during the period from
2006 to 2010, we further adjusted for AIP measurements
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< 1.54
g
£
% Moderate high-stable
g 05 e
g
28 0 Moderate low-stable
o P,
g - -
-
< 54
) Low-stable
—o0
-1 T T 1
2006 2008 2010
Time, year

Fig. 2 AIP index trajectory in hypertensive patients during 2006-2010

in 2006 and 2010. In this study, two-sided p values<0.05
were considered statistically significant.

Results

Baseline characteristics

The baseline characteristics of the participants were
shown in Table 1. A total of 22,201 participants
were included in this study, with an average age of
57.54+11.18 years, 18,258 men (82.2%) and 3,943 women
(17.8%). In this study, we identified four different trajec-
tory patterns through latent mixture modeling (Fig. 2):
Low-stable group (participants who maintained low
AIP levels, n=3,373; mean AIP range, -0.82 to -0.70),
moderate-low stable group (participants who maintained
moderate-low AIP levels, n=12,700; mean AIP range,
-0.12 to -0.09), moderate-high stable group (participants
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who maintained moderate-high AIP levels, n=5,313;
mean AIP range, 0.53 to 0.58) and elevated-increasing
group (AIP levels increased initially and then increased
slightly, #=815; mean AIP range, 1.22 to 1.56). Compared
with those in the low-stable group, participants in the
elevated-increasing group were more likely to be young,
male, physically inactive, current smokers, current drink-
ers, have diabetes, and were more likely to take antihy-
pertensive, hypoglycemic, and lipid-lowering drugs. They
also had higher levels of BMI, SBP, DBP, LDL-C, TG, TC,
Hs-CRP and lower level of HDL-C.

Relationship between HF risk and AIP index trajectory
During a median follow-up of 9.98 (9.49, 10.28) years,
822 hypertensive participants experienced an event of
HE. Kaplan-meier curves showed that participants in
the elevated-increasing group had a higher risk of HF
than those in the other trajectory groups (log-rank test,
p<0.01, Fig. 3). After adjusting for potential confounding
factors, compared with the low-stable group, the HR and
95%CI of the elevated-increasing group, moderate-high
stable group, and moderate-low stable group were 1.79
(1.21,2.66), 1.49 (1.17,1.91), and 1.27 (1.02,1.58), respec-
tively (Table 2).

Subgroup and sensitivity analysis

The results of the subgroup analyses are shown in Table 3,
we found significant interactions between AIP index tra-
jectories and age, but not with sex, BMI, BP or diabetes
in hypertensive participants. In sensitivity analyses that
excluded outcome events that occurred during the first
year of follow-up (n=158) or participants with a history
of myocardial infarction (n=71), the results remained
consistent with the main results (Additional file: Tables
S1-S2). Results were similar to the primary analyses
after exclusion of participants treated with antihyper-
tensive drugs (n=5,550), hypoglycemic drugs (n=1,335),
or lipid-lowering drugs (n=373) (Additional file: Tables
S3). In addition, the relationship between the AIP Index
trajectory and HF risk did not change substantially after
additional adjustments to the AIP Index in 2006 or 2010.
(Additional file: Tables S4-S5).

Discussion
In this prospective study of 22,201 participants with
hypertension, we identified four distinct trajectories of
AIP associated with incident HF. Hypertensive patients
with a long-term high AIP level had a significantly higher
risk of HF compared to those in the low-stable group,
independent of baseline AIP. These findings were consis-
tent across subgroup and sensitivity analyses.

To our knowledge, previous studies have primarily
focused on the association between AIP and CVD in the
general population, but limited research has explored
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Fig.3 Kaplan-Meier incidence rate of HF according to AIP index trajectory

Table 2 The Hazard Ratios (HR) of heart failure according to
trajectories of AIP from 2006 to 2010

Low-stable Moderate  Moderate Elevated-

low-stable high-stable increasing

Heart failure

Case/ 102/3373 463/12,700  221/5313 36/815

Total

IR 3.27 3.92 446 4.69

Model 1 1 (reference) 142 1.86(147,236) 245
(1.14,1.76) (1.67,3.59)

Model 2 1 (reference) 1.30 1.57(1.23,201) 191
(1.05,1.62) (1.29,2.82)

Model 3 1 (reference) 1.27 149 (1.17,191)  1.79
(1.02,1.58) (1.21,2.66)

Note: AIP, atherogenic index of plasma; IR, incidence rate (per 1000 person-
years); Model: 1 adjusted for age, sex; Model 2: adjusted for SBP, DBP, TC, BMI,
hs-CRP, current smoker, current drinker, physical activity, education level and
diabetes mellitus on the basis of model 1; Model 3: included variables in model
2 and further adjusted for hypoglycemic drugs, anti-hypertensive drugs and
lipid-lowering drugs

the relationship between AIP and incident HF, specifi-
cally among individuals with hypertension. In previous
studies, Zhang et al. [27] found that high baseline AIP
and long-term AIP were associated with an increased
risk of myocardial infarction after analyzing a general
population that included 98,861 people from northern
China. However, in contrast to the present study, the
population included by Zhang et al. had a lower baseline
AIP value than the hypertensive population in the pres-
ent study, and their risk of outcome was relatively low.
Moreover, a study involving 181,133 US adults showed
a J-shaped relationship between baseline AIP levels and
all-cause mortality in the US general population, with
a significant positive association between AIP and all-
cause mortality risk when baseline AIP>0.0905 [28].
Similarly, lower AIP values and lower risk for outcomes
were observed in the general US population compared
with the hypertensive population in our study. The above
results suggest that people with hypertension may have
higher AIP values and a higher risk of adverse events
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Low-stable Moderate low-stable Moderate high-stable Elevated-increasing P for interaction
Sex 0.13
Male
Case/Total 87/2737 378/10,358 178/4462 24/701
1 (reference) 1.25(0.96,1.63) 157 (1.17,2.12) 1.71(1.01,2.87)
Female
Case/Total 15/636 85/2342 43/851 12/114
1 (reference) 1.28(0.73,2.22) 1.60 (0.87,2.91) 341(156,747)
Age 0.04
age<65y
Case/Total 33/2279 213/9513 133/4290 26/726
1 (reference) 148(1.01,2.18) 1.83(1.22,2.75) 2.04(1.19,3.05)
age=65y
Case/Total 69/1094 250/3187 88/1023 10/89
1 (reference) 1.19(0.89,1.58) 1.26 (0.89,1.78) 1.61(0.76,342)
BMI 0.18
BMI<28
Case/Total 84/2959 325/9737 141/3496 20/513
1 (reference) 1.30 (1.02,1.65) 1.71(1.29,2.25) 1.93(1.17,3.17)
BMI=28
Case/Total 18/414 138/2963 80/1817 16/302
1 (reference) 1.18(0.72,1.93) 1.16 (0.69,1.94) 146 (0.73,2.94)
BP 0.11
BP <140/90 mmHg
Case/Total 52/1644 223/5907 93/2315 12/334
1 (reference) 1.21(0.88,1.67) 1.32(0.92,1.91) 142 (0.73,2.79)
BP >140/90 mmHg
Case/Total 50/1729 240/6793 128/2998 24/481
1 (reference) 1.24(0.91,1.69) 1.55(1.10,2.19) 2.01(1.21,3.35)
Diabetes 0.56
Yes
Case/Total 10/258 99/1493 56/830 10/180
1 (reference) 1.76 (0.91,3.40) 1.93(0.97,3.96) 1.58 (0.64,3.92)
No
Case/Total 92/3115 364/11,207 165/4483 26/635
1 (reference) 1.22 (0.96,1.55) 147 (1.12,1.94) 2.11(1.343.31)

Note: AIP, atherogenic index of plasma; Adjusted for age, sex, SBP, DBP, TC, BMI, hs-CRP, current smoker, current drinker, physical activity, education level, diabetes

mellitus, hypoglycemic drugs, anti-hypertensive drugs and lipid-lowering drugs

compared to the general population. In addition, another
large-scale nationwide cohort study demonstrated that
high AIP level was associated with an increased risk of
major adverse cardiovascular events (including myocar-
dial infarction, stroke, and CVD mortality) in the general
population beyond traditional risk factors [29]. However,
they only consider a single measurement of AIP. Given
that HF often represents an inevitable manifestation of
CVD progression such as myocardial infarction and cor-
onary heart disease at later stages, previous evidence sug-
gests that AIP may serve as a potential risk factor for HF
development [30-32]. However, Xue et al. conducted a
cross-sectional study using data from the National Health
and Nutrition Examination Survey, which paradoxically
showed an inverse correlation between AIP and HF in the

general population [33], yet this analysis may be limited
by its nature and lack of long-term follow-up on changes
in AIP levels. In contrast to prior research limitations,
we employed a trajectory model to illustrate the patterns
of AIP changes over a 4-year period and examined its
long-term impact on the risk of HF among hypertensive
patients. After adjusting for potential confounders, our
study expands the existing database by demonstrating
that hypertensive patients with persistently elevated AIP
levels over time face an increased risk of HF compared to
those with consistently low AIP levels. Notably, this asso-
ciation remains robust even after additional adjustment
for baseline AIP level. Therefore, regular monitoring of
the AIP index may serve as a valuable tool in identifying
individuals at higher risk of HF within the hypertensive
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population, thereby providing novel evidence for HF pre-
vention in clinical practice.

Notably, we observed a significant interaction between
the trajectory of AIP and age. We found that young
hypertensive patients with elevated AIP levels face
a higher risk of HF compared to older hypertensive
patients, indicating that the association is more pro-
nounced among younger individuals with hypertension.
In recent years, there has been an evident trend towards
hypertension occurring at younger ages, with numerous
studies demonstrated the heightened CVD risk faced by
young individuals with hypertension, high TG or meta-
bolic abnormalities [18, 34, 35]. AIP is calculated as the
logarithmic conversion ratio of TG to HDL-C, and young
hypertensive patients commonly exhibit dyslipidemia
characterized by high TG levels and low HDL-C levels,
leading to increased AIP values and more severe arterio-
sclerosis. Previous studies had demonstrated that AIP
plays a crucial role in explaining metabolic disorders and
CVD risk in younger populations [36]. A cross-sectional
study involving 52,380 community residents revealed
that AIP level had a stronger impact on carotid athero-
sclerosis prevalence in participants under 60 years old
than those aged 60 or above in the general population
[37], supporting our findings indirectly.

The mechanism underlying the relationship between
long-term changes in AIP index and risk of HF is unclear,
but the following may be involved. First, AIP can be used
as a marker for the presence of low-density LDL (sd-LDL)
[31]. The sd-LDL particles are more likely to penetrate the
arterial wall and deposit in the vascular endothelium than
larger, loose-grained LDL particles [32]. In addition, the
sd-LDL is more sensitive to oxidative stress, which fur-
ther aggravates atherosclerosis and leads to the occurrence
of HF [33]. Second, AIP was also significantly associated
with FERHDL [31], with the partial esterification rate of
HDL cholesterol (FERHDL) defined as the percentage of
HDL free cholesterol (HDLFC) after Apo b depletion dur-
ing HDL development [38]. A clinical trial confirmed the
association between FERHDL and cardiovascular disease
risk factors [39]. Another study showed that FERHDL and
LDL particle size are predictors of insulin resistance [40,
41]. Insulin resistance and its related hyperinsulinemia,
hyperglycemia and adipocytokines can also cause vascular
endothelial dysfunction, vascular inflammation, hyper-
tension and dyslipidemia, which together promote the
occurrence and development of HEF. Finally, participants
with long-term high AIP levels had higher SBP, DBP, BMI,
TC, and TG, and were current smokers or drinkers, which
are important risk factors for HF and may significantly
increase the risk of HE.

The significance of our study lies in the finding that
long-term elevated AIP levels are positively correlated
with the risk of HF in hypertensive patients, thereby
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expanding the potential application of AIP in the popu-
lation with hypertension. Beyond conventional risk fac-
tors, AIP is considered an effective, cost-efficient, rapid,
specific, and non-invasive mass screening method. It
has been endorsed by the National Cholesterol Educa-
tion Program as a marker for plasma atherosclerosis
and a reliable predictor for CVD [42]. Although hospi-
talizations for HF have shown a slight decline since the
1990s, these trends exhibit variations across different
age groups [43]. Generally speaking, HF is a prevalent
latent disease associated with substantial morbidity and
mortality worldwide, particularly among elderly indi-
viduals. However, recent research indicates an alarm-
ing increase in hospitalizations for HF among younger
patients [44], emphasizing the importance of assessing
HF risk in this population group. Our subgroup analysis
on age revealed that young hypertensive patients with
elevated AIP levels face an increased risk of developing
HE. This further underscores the necessity to monitor
AIP levels in younger hypertensive patients. In addition,
previous studies have also shown that increased AIP
index is associated with many CVD risks in the general
population [12, 45]. AIP can be used as a potential early
warning indicator to predict the risk of developing vari-
ous CVD. Previous studies have shown an independent
inverse association between moderate to vigorous physi-
cal activity and AIP [46]. It has also been shown that w86
flaxseed significantly reduces AIP and can be part of a
heart-healthy and anti-AS diet in humans [47]. Com-
pared with diet and exercise, the role of drugs is also very
important. The combination therapy with ciprofibrate
and statins and niacin can significantly reduce AIP [48].
Through medication, exercise, diet can reduce AIP value
to a certain extent. Therefore, early monitoring of AIP
value change, maintaining appropriate TG and HDL-C
levels within the scope of the ideal, is beneficial to early
discover and prevent the happening of cardiovascular
events.

Our study possesses several notable strengths, includ-
ing that the trajectories representing changes in AIP lev-
els over time in hypertensive patients was established
and this is the first large-scale prospective investigation
with a 10-year follow-up duration to explore the associa-
tion between longitudinal AIP patterns and incident HF
in hypertensive patients. Furthermore, the Kailuan study
cohort underwent rigorous biennial physical examina-
tions to ensure strict follow-up, and the study population
exhibited relative stability, enabling continuous moni-
toring of major outcomes throughout the entire pro-
cess, thereby enhancing the reliability of the results to a
certain extent. However, it is important to acknowledge
certain limitations within our study. Firstly, as is true of
any observational study, residual confounding may exist
despite adjustments for potential covariates, and we
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could not determine a causal relationship between AIP
trajectories and risk of HE. Secondly, the specific sub-
types of HF were not extensively documented or identi-
fied in detail, which could potentially impact the clinical
applicability of our findings. Lastly, generalizability may
be limited as our participant pool consisted solely of
northern Chinese adults residing in the Kailuan com-
munity, and fewer of them are women. Further investiga-
tions involving diverse ethnic populations are warranted
to validate these results.

Conclusions

In conclusion, hypertensive patients with consistently
elevated levels of AIP were at greater risk of HF, indepen-
dent of baseline AIP and possibly age-dependent, with
the association being more pronounced in younger age
groups. Therefore, our findings highlight the importance
of continuous monitoring of changes in AIP levels among
patients with hypertension in clinical practice for the
preventing of HF occurrence.
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