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Abstract 

Objectives  Atherosclerosis of aortic wall has been suggested as a key pathological feature of abdominal aortic 
aneurysm (AAA). We conducted a first-ever prospective cohort study aiming at assessing the sex-specific association 
between atherogenic index of plasma (AIP) and risk of newly diagnosed AAA.

Methods  This study included 193,013 male and 226,785 female participants from the UK Biobank. AIP was calculated 
as a ratio of logarithmically transformed triglycerides to high-density lipoprotein-cholesterol. The outcome of interest 
was new AAA, identified by ICD-10 and OPCS-4 code, or by AAA-related death. All analyses were sex-stratified: Multi-
variable Cox proportional-hazard models were employed to assess the association between baseline AIP and AAA risk. 
Harrell’s c index was estimated to assess the value of AIP added to the discrimination of AAA prediction model.

Results  Over an average follow-up of 15.3 years, 1931 (1.00%) new AAA cases were recorded in males and 424 
(0.19%) in females. In the fully adjusted models, compared with the bottom AIP quintile, HRs (95% CI) of newly diag-
nosed AAA was 1.67 (1.41, 1.96) in males and 1.75 (1.22, 2.52) in females within the top quintile. Subgroup analysis 
found smoking status significantly modified the association in females, with association existing only in female ever-
smokers. Adding AIP into prediction model comprising age, smoking, and CVD history significantly improved the dis-
crimination in males and male high-risk subgroups and in female ever-smokers (p < 0.05).

Conclusions  This study highlights the potential of AIP as a biomarker for AAA and its utility in identifying high-risk 
individuals qualified for AAA screening.
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Introduction
Ruptured abdominal aortic aneurysm is health emer-
gency with death rate reaching up to 80%. AAA is 
asymptomatic before rupture indicating screening of 
high population as a fundamental for prevention of 
this life-threatening diseases. Despite the complexity 
of pathogenesis, AAA has been suggested to be invari-
ably associated with atherosclerosis of aortic wall, which 
can induce adaptive remodelling of the arterial extra-
cellular matrix, resulting in arterial expansion to main-
tain normal lumen diameter and shear stress levels [1, 
2]. Atherogenic index of plasma, calculated as a ratio of 
logarithmically transformed triglycerides to high-density 
lipoprotein (HDL)-cholesterol, is a surrogate marker of 
the concentration of small dense low-density lipoprotein 
(LDL) and a novel risk factor of atherosclerosis and meta-
bolic syndrome [3, 4]. AIP has garnered increased inter-
ests recently due to its predictive value of cardiovascular 
disease (CVD) independent of other CVD risk factors 
and its superiority to the standard atherosclerotic lipid 
indices [5–8]. However, there is no study that has ever 
investigated the ability of AIP for predicting AAA. Given 
the rarity of AAA, large-scale studies with extensive fol-
low-up are essential to establish a robust evidence base 
for this critical clinical question. Leveraging data from 
UK biobank, we investigated the association between 
baseline AIP levels and newly identified AAAs. Subgroup 
analyses were conducted by sex, diabetes and other AAA 
risk factors.

Methods
Data source
UK Biobank is a large-scale, population-based, nation-
wide. Prospective cohort study that recruited approxi-
mately half a million participants across England, 
Scotland, and Wales between 2007 and 2010, who were 
registered with the National Health Service (NHS) gen-
eral practitioners during the recruitment period [9]. 
Participants were aged between 37 and 73 years at the 
time of recruitment and the follow-up remains ongoing. 
UK Biobank received ethical approval from the North-
west Multi-Centre Research Ethics Committee (11/
NW/03820). All participants gave written informed con-
sent before enrolment in the study, which was conducted 
in accordance with the principles of the Declaration of 
Helsinki.

Participants’ characteristics were collected at the 
assessment centre when they were recruited, through a 
self-administered, touch-screen questionnaire and face-
to-face interview to collect information on their life-
style, health, medical and socioeconomic characteristics. 
Trained research staff measured their height, weight, and 

blood pressure and obtained samples of blood, saliva and 
urine.

This study included all UK Biobank participants who 
did not have a history of AAA at baseline and had avail-
able data on HDL-c and triglycerides to generate AIP and 
covariates used for adjustment in outcome models.

Study exposure
The study exposure was atherogenic index of plasma 
(AIP), calculated as logarithmically transformed tri-
glycerides divided by HDL-c. Higher AIP levels reflect 
a greater risk of atherosclerosis. In UK Biobank, serum 
lipid profiles were measured using non-fasting blood 
samples, which were collected from participants at base-
line recruitment according to validated standardised pro-
cedures. There was no follow-up measurement of HDL-c 
and other blood serum biomarkers. Details on serum 
sample handling and assays were described elsewhere 
[10].

Outcomes
The outcome of interest was newly diagnosed AAA. 
AAA cases were identified using the International Clas-
sification of Disease (ICD)-10 codes for ruptured (I71.3) 
and non-ruptured AAA (I71.4) for AAA, the Office of 
Population, Censuses and Surveys (OPCS)-4 Classifica-
tion of Interventions and Procedures codes related to 
AAA (L18, L19, L254, L27, L28, L464), or by identifying 
deaths attributed to AAA [11]. An AAA-related death 
was defined as a death, where the primary cause was 
identified as an AAA. Dates and causes of death were 
obtained from death certificates held by the NHS Infor-
mation Centre for participants from England and Wales 
and the NHS Central Register Scotland for participants 
from Scotland [12]. Participants were followed from the 
date of participants accessing assessment centre until the 
new diagnosis of AAA, death, or the time of data censor-
ing (1 st June 2024), whichever came first.

Baseline covariates
Baseline covariates include age, race, smoking sta-
tus (never, former, current), alcohol consumption 
(never, former, current), education level (university 
or college degree, below university or college degree), 
Townsend deprivation index (lower than median, 
median or higher), hypertension (defined as systolic/
diastolic blood pressure [SBP/DBP] ≥ 140/90 or self-
reported use of antihypertensive medications), dia-
betes (defined as HbA1c ≥ 48 mmol/L, self-reported 
diabetes or use of insulin), CVD history ascertained 
by ICD-10 codes (defined as self-reported historic 
angina, myocardial infarction, stroke, or transient 
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ischemic attack), body mass index (BMI) categories 
(< 25 kg/m2 underweight or normal, 25 to < 30 kg/m2 
overweight, ≥ 30 kg/m2 obese), self-reported use of 
lipid-lowering medication, C-reactive protein (CRP) 
levels.

Statistical analysis
All analyses were conducted in males and females sepa-
rately. Baseline characteristics of study participants were 
presented across quintiles of AIP. For continuous vari-
ables, data were presented as mean (standard deviation, 
SD) if normally distributed and median (interquartile, 
IQR) if skewed. Discrete variables were reported as count 
and percentage.

Stepwise Cox proportional-hazards models were used 
to investigate the sex-stratified association between AIP 
and newly diagnosed AAA: (1) Model 1: unadjusted; (2) 
Model 2: adjusting for all nonlipid covariates (3) Model 
3: adjusting for all nonlipid covariates and directly 
measured LDL-c. AIP was either analysed as a continu-
ous (per 1 SD increase) or categorical variable (by quin-
tile). Hazard ratios (HRs) with 95% confidence intervals 
(CIs) were reported. Nelson–Aalen cumulative hazard 
curves for AAA by quintiles of AIP were plotted. Pro-
portional-hazards assumption was checked by scaled 
Schoenfeld residuals, and no violation of assumption 
was observed.

Restricted cubic spline was drawn to visualise any 
potential non-linear relationship between AIP and newly 
diagnosed AAA in both sexes. Three knots were placed at 
10 th, 50 th and 90 th percentiles of the AIP distribution 
according to the Harrell’s principle [13]. The number of 
knots was determined according to the Akaike Informa-
tion Criterion and Bayesian Information Criterion values, 
with lower values indicating better model fit.

Sex-stratified subgroup analyses were conducted by 
vascular risk factors including age, smoking, obesity, dia-
betes, hypertension, CVD history, lipid-lowering medica-
tion use and CRP, to determine whether the AIP–AAA 
association was modified by these risk factors. p values 
for interaction was calculated by adding a productive 
term of AIP × stratifying factor into the fully adjusted 
Cox model.

The predictive value of AIP added onto typical AAA 
risk factors including smoking, age and CVD history 
[14] was assessed by comparing the discriminatory abil-
ity measured by Harrell’s C statistics between the Cox 
models including the typical AAA risk factors with and 
without adding AIP. The category-free net reclassification 
index (cf-NRI) and integrated discrimination improve-
ment (IDI) were additionally computed to assess the 

enhanced discriminatory performance of the new model 
that included AIP.

All statistical tests were two-sided, and a p < 0.05 was 
considered statistically significant. Analyses were per-
formed using STATA/SE 18.0 for windows (StataCorp, 
College Station, TX: StataCorp LLC).

Results
Baseline characteristics
Of 501,801 participants with no history of AAA, 419,798 
with complete baseline data on AIP and covariates were 
included in this study. This included 193,013 male par-
ticipants and 226,785 female participants. In both male 
and female participants, those with higher AIP levels 
were more likely to be current smokers, but less likely to 
be current drinkers, statin users, and less educated. They 
were also more likely to have hypertension, diabetes, 
obesity, and CVD history, and have higher CRP levels. 
Female participants with higher AIP levels also appeared 
to be older but this trend was not observed in male par-
ticipants (Table 1).

Association between AIP and newly diagnosed AAA 
in males and females
During a median follow-up of 15.3 (IQR 14.5–16.0) 
years, 2355 newly diagnosed AAA cases were recorded, 
with 1931 (1.00%) new cases in males and 424 (0.19%) in 
females.

In male participants (Table 2), the incidence rate from 
the lowest to highest quintile of AIP was 4.1, 5.8, 7.1, 
8.1, and 9.1 per 10,000 person-years. In the unadjusted 
model, per 1-SD increase in AIP was associated with 29% 
increased risk of AAA (95% CI 1.24–1.35, p < 0.001). This 
association was slightly attenuated in the adjusted mod-
els, with HR (95% CI) of 1.22 (1.16–1.28) in the model 
adjusting for non-lipid covariates and of 1.19 (1.13–1.25) 
in the model adjusting for both non-lipid covariates and 
LDL-c, both p < 0.001. In the fully adjusted model, com-
pared to the lowest quintile, individuals in the 2nd to 5 th 
quintiles had HRs of 1.22, 1.37, 1.47, and 1.67, respec-
tively, for developing AAA (p for linear trend < 0.001). 
The Nelson–Aalen cumulative hazard curve revealed a 
higher cumulative incidence of AAA in participants in 
the higher AIP quintile (Fig. 1A) Restricted cubic spline 
revealed almost a linear, monotonic relationship between 
higher AIP levels and a greater risk of AAA development 
(Fig. 2A).

In female participants (Table 2), the incidence rate from 
the lowest to highest quintile of AIP was 0.7, 0.9, 1.0, 
1.2, and 2.5 per 10,000 person-years. In the unadjusted 
model, per 1-SD increase in AIP was associated with 
60% increased risk of AAA (95% CI 1.46–1.75, p < 0.001). 
This association was similarly weakened in the adjusted 
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models, with HR (95% CI) of equally 1.28, both p < 0.001. 
In the fully adjusted model, compared to the lowest 
quintile, individuals in the 2nd to 5 th quintiles had HRs 
of 1.05, 0.98, 1.06, and 1.75, respectively, for develop-
ing AAA (p for linear trend < 0.001). The Nelson–Aalen 
cumulative hazard curve revealed that participants in 
the highest AIP quintile had notably higher incidence of 
AAA compared with other quintiles. Those in the lowest 
AIP quintile had the lowest incidence of AAA (Fig. 1B). 
The restricted cubic spline analysis revealed a J-shaped 
relationship between AIP levels and AAA risk. AAA risk 
remained stable at lower AIP levels but increased sharply 
when AIP exceeded − 0.3 (a value within the third quin-
tile) (Fig. 2B).

Subgroup analysis
Subgroup analyses found no interaction between AIP and 
any vascular factors in males (Fig.  3A). However, there 
was a significant interaction between smoking status and 
AIP on AAA risk in female participants (p for interaction 
< 0.001), with the association existing only in individuals 
who were current or former smoker at baseline (HR per 

1 SD increase: 1.52, 95% CI 1.34–1.73) but not in those 
who had never smoked at baseline (1.07, 0.87 to 1.30) 
(Fig. 3B).

Discriminatory ability of AIP
In the model of predicting AAA, typical risk factors 
including age, smoking and CVD history without AIP 
already produced a good discriminatory performance 
in both sexes (Harrell’s C statistic in males and females: 
0.808 and 0.811). The performance was further signifi-
cantly improved by adding AIP in the model in males 
(change: + 0.005, p < 0.001) but not in females (change: 
+ 0.004, p = 0.113). However, in female ever-smokers, 
adding AIP into model including typical risk factors 
significantly improve model’s discrimination (change: 
+ 0.009, p = 0.02), while such improvement was seen in 
subgroups of female with CVD history and females aged 
65 years or order (Supplementary Table 1). In subgroups 
of older males, male ever-smokers and males with CVD 
history, adding AIP all significantly improved model per-
formance. The absolute IDI and category-free NRI values 
were generally consistent with the C-index.

Table 2  Associations between AIP and newly diagnosed AAA​

Incidence rate was rate of events per 10,000 person-years. Covariates controlled in the fully adjusted model without LDL-c included baseline age, race, smoking status 
(never, former, current), alcohol consumption (never, former, current), education level (university or college degree, below university or college degree), Townsend 
deprivation index (lower than median, median or higher), hypertension, diabetes, cardiovascular disease history, body mass index (BMI) categories (< 25 kg/m2 
underweight or normal, 25 to < 30 kg/m2 overweight, ≥ 30 kg/m2 obese), self-reported use of lipid-lowering medication, C-reactive protein levels

AAA: abdominal aortic aneurysm; AIP: atherogenic index of plasma; CI: confidence interval; HR: hazard ratio; LDL-c: low-density lipoprotein cholesterol; SD: standard 
deviation; Q: Quintile

Quintile of AIP HR (95% CI)

Cases/Incidence 
rate

Unadjusted model Fully adjusted model 
without LDL-c

Fully adjusted 
model with 
LDL-c

Male

 Q1 (n = 38,604) 231 (4.1) Ref Ref Ref

 Q2 (n = 38,602) 330 (5.8) 1.43 (1.21–1.69) 1.25 (1.06–1.49) 1.22 (1.03–1.44)

 Q3 (n = 38,602) 402 (7.1) 1.74 (1.48–2.05) 1.44 (1.22–1.70) 1.37 (1.16–1.61)

 Q4 (n = 38,603) 455 (8.1) 1.98 (1.69–2.32) 1.56 (1.33–1.84) 1.47 (1.24–1.73)

 Q5 (n = 38,602) 513 (9.1) 2.23 (1.91–2.61) 1.79 (1.52–2.11) 1.67 (1.41–1.96)

 P for linear trend  < 0.001  < 0.001  < 0.001

 Continuous (per 1-SD increase), p 1.29 (1.24–1.35)
 < 0.001

1.22 (1.16–1.28)
 < 0.001

1.19 (1.13–1.25)
 < 0.001

Female

 Q1 (n = 45,357) 46 (0.7) Ref Ref Ref

 Q2 (n = 45,357) 61 (0.9) 1.33 (0.91–1.95) 1.05 (0.71–1.54) 1.05 (0.71–1.54)

 Q3 (n = 45,358) 66 (1.0) 1.45 (0.99–2.11) 0.98 (0.67–1.44) 0.98 (0.67–1.44)

 Q4 (n = 45,356) 84 (1.2) 1.85 (1.29–2.65) 1.06 (0.73–1.54) 1.06 (0.73–1.55)

 Q5 (n = 45,357) 167 (2.5) 3.71 (2.68–5.14) 1.76 (1.23–2.50) 1.75 (1.22–2.52)

 P for linear trend  < 0.001  < 0.001  < 0.001

 Continuous (per 1-SD increase), p 1.60 (1.46–1.75)
 < 0.001

1.28 (1.15–1.42)
 < 0.001

1.28 (1.15–1.43)
 < 0.001
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Fig. 1  Nelson-Aalen cumulative hazard curves for incident AAA by quintiles of AIP and sex. Nelson-Aalen cumulative hazard curves for incident 
AAA were presented in (A) male (B) female, separately. Q1 to Q5 represent the lowest quintile of AIP to the highest quintile of AIP. Abbreviations: 
AAA, abdominal aortic aneurysm; AIP, atherogenic index of plasma
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Discussion
Using data of 419,798 participants enrolled in the UK 
biobank cohort, this longitudinal population-based 
study has investigated the sex-stratified association 
between AIP, a biomarker of atherogenicity, and risk of 
AAA development, over an average follow-up of 15.3 
years. We found a significant dose-dependent associa-
tion between AIP and AAA risk in male participants 

and a U-shaped relationship between AIP and AAA 
risk in female participants. These associations were 
independent of other vascular risk factors and LDL 
cholesterol. Male and female participants in the highest 
quintile of AIP exhibited 67% and 75% increased risk 
of AAA, respectively, compared to the lowest quintile. 
Smoking status significantly modified the AIP and AAA 
association in females, with the association existing 

Fig. 2  Restricted cubic splines for the association between AIP and new onset AAA in the total populationand by sex. The splines were truncated 
at 1% and 99% to remove the extreme values. Cutoff for each spline was selected as the median value of atherogenic index of plasma (AIP) 
in the total population and sub-populations (male [fig 2A]: 0.31 female [fig 2B]: -0.16,)
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Fig. 3  Subgroup analysis in males and females. Results of subgroup analysis by major risk factors were presented in male (A) and female (B),  
separately. Abbreviations: CRP, C-reactive protein; CVD, cardiovascular disease
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only in ever smokers. No other vascular risk factors 
were identified that had a modifying effect in males and 
females. AIP significantly improved the discriminatory 
ability of model comprising age, smoking, and CVD 
history in males and male subgroups at increased AAA 
risk, as well as in female ever-smokers.

Our findings suggest that AIP, a marker of plasma ath-
erogenicity, could serve as a valuable biomarker for iden-
tifying individuals at higher risk of AAA, particularly in 
men, who generally have a higher risk than women at the 
same age and with similar risk factors. The sex-specific 
differences in the association between AIP and AAA, 
specifically, the highest quintile of AIP being associated 
with AAA risk in females and a graded relationship in 
males, may reflect underlying biological and hormo-
nal differences between the sexes. Women’s generally 
more favourable lipid profiles and the protective effects 
of estrogen may contribute to a threshold effect, where 
only significantly elevated AIP levels are associated with 
AAA risk. In contrast, men’s higher susceptibility to AAA 
and differences in risk factor profiles may result in a more 
continuous relationship between AIP and AAA risk. This 
hypothesis is further supported by the significant inter-
action between smoking status and AAA risk in females: 
increased AAA risk was observed only in current or for-
mer smokers, who have a higher baseline AAA risk, but 
not in never-smokers, who exhibit genuinely low AAA 
risk. These findings underscore the importance of con-
sidering sex as a biological variable in AAA research and 
risk stratification.

AIP is a surrogate marker of small dense LDL parti-
cles, which can easily infiltrate arterial walls and are sus-
ceptible to oxidation [15, 16]. Oxidized LDL has been 
demonstrated that contributes to the formation of foam 
cells and stimulates immune responses, further leading 
to the initiation and progression of atherosclerosis [17]. 
Accumulating evidence has suggested that endothelial 
dysfunction ubiquitously involves in the pathogenesis of 
AAA formation, contributing to inflammation and oxida-
tive stress in aortic wall [18]. An animal study found that 
AIP levels strongly correlate with endothelial dysfunction 
and aortic degeneration, evidence by the dissociation of 
elastic fibres and accumulation of collagen in the aortic 
media. [19]

Atherosclerosis was believed to contribute to AAA, 
but extant evidence was mixed and inconsistent. Ath-
erosclerosis and AAA shared similar risk factors, such 
as smoking, older age, and high blood pressure. In 
biopsy studies, atherosclerosis is often found in aor-
tic wall of AAA patients [2]. In this study, the AIP and 
AAA association was attenuated but maintained statis-
tical significance after introducing typical vascular risk 
factors into the model which are highly correlated with 

atherosclerosis risk. This suggests that AIP-reflected ath-
erosclerosis may contribute to AAA risk, both by inter-
acting with other vascular risk factors and by operating 
through independent biological mechanisms. However, 
a recent case–control study comparing AAA patients 
(case, n = 98) to high CVD risk patients (control, n = 82) 
revealed a higher prevalence of carotid atherosclerosis in 
the control group and similar prevalence in coronary and 
peripheral atherosclerosis [20]. This study, however, was 
limited by its small sample size. Another cross-sectional 
study found a correlation between carotid plaque burden 
and AAA prevalence but no correlation with aneurismal 
diameter [21].

Interestingly, we found that AIP adds value to typical 
AAA risk factors in predicting AAA risk only in female 
ever-smokers but not in female never-smokers. Smoking 
is the most dominant risk factor of AAA development, 
growth and rupture. In a large population-based study, 
individuals who are current smokers experienced 15- and 
7-times higher incidence of AAA compared with never 
smokers in females and males, respectively [22]. Beyond 
contributing to atherosclerosis, cigarette toxins have 
been revealed that can lead to tissue damage the aortic 
wall by proteolytic enzymes through blocking the active 
site of α1-antitrypsin [23]. Our findings suggest that 
AIP may contribute to AAA risk most when it interacts 
with other ongoing mechanisms involved in the disease’s 
development. Future research is warranted to explore 
the biological mechanisms behind this and the causal 
relationship between AIP, other atherosclerosis biomark-
ers, and AAA. It is also important to determine whether 
improving AIP levels through pharmacological and non-
pharmacological interventions can reduce AAA risk.

To our best knowledge, this is the first-ever epidemio-
logical study investigating the relationship between AIP 
and development of AAA, providing a valuable mechani-
cal insight into AAA formation and the clinical value 
of AIP added to other classical risk factors in predict-
ing AAA. While traditional risk factors such as smok-
ing, age, and male sex remain the strongest predictors 
of AAA, AIP may serve as a complementary biomarker, 
particularly in women at risk, among whom AAA is less 
common and potentially underdiagnosed and the neces-
sity of a mass screening is less certain. Future studies 
should explore whether AIP provides incremental pre-
dictive value when added to existing risk scoring systems, 
including those advanced artificial intelligence (AI)-
based models recently developed [24, 25]. If validated, 
AIP could enhance the identification of asymptomatic 
individuals who may benefit from targeted ultrasound 
screening, particularly in intermediate-risk popula-
tions. However, further research is needed to determine 
the optimal integration of AIP into multifactorial risk 
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assessment algorithms and to evaluate its cost-effective-
ness in population-based screening programs.

Key strengths of this study include its longitudinal 
and prospective study design, large sample size, and 
long-term follow-up. A comprehensive list of poten-
tial confounders was meticulously controlled in the Cox 
regression model to reducing residual confounding bias. 
Several limitations of this study worth highlighting. This 
is an observational study thus subjected to inherent 
residual confounding bias, although we are in attempt 
to control all other relevant AAA risk factors in the 
models. No causal relationship can be established. One 
pre-clinical study using animal models found that AAA 
had progressed before the focal atherosclerosis became 
detectable [26]. The AAA diagnosis was based on ICD 
and operation codes but not ultrasound. While a large-
scale ultrasound study would be ideal, administrative 
data offer a cost-effective alternative and is more realis-
tic and practical. In addition, this study only focused on 
newly diagnosed AAA cases, whether AIP was associated 
with AAA growth was not able to be determined.

Conclusion
This large, prospective cohort study found a significant 
positive association between AIP and AAA risk in both 
males and females. Monitoring AIP could help identify 
high-risk individuals for targeted AAA screening.
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