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Atherogenic indices and risk of chronic kidney disease in
metabolic derangements: Gangnam Severance Medical
Cohort
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Background: The effects of atherogenic indices on kidney function remain unclear. This study evaluated the association between
atherogenic indices and risk of chronic kidney disease (CKD) in adults with metabolic derangements.

Methods: A total of 4,176 participants from the Gangnam Severance Medical Cohort (2006-2021), which consisted of participants
who had at least one disease related to metabolic derangements including diabetes mellitus, fatty liver, and hypertension were en-
rolled and atherogenic indices (lipid ratios including atherogenic index of plasma [AIP]) were assessed. The study endpoint was a
composite kidney outcome (estimated glomerular filtration rate [eGFR] of <60 mL/min/1.73 m? in at least two measurements in par-
ticipants with baseline eGFR of 260 mL/min/1.73 m?; 230% decrease in eGFR from baseline in participants with baseline eGFR of
<60 mL/min/1.73 m? or the initiation of dialysis or kidney transplantation).

Results: During a median follow-up of 6.0 years (interquartile range, 2.5-11.0 years), 1,266 composite kidney outcomes (30.3%) oc-
curred. The highest quartile of AIP showed a higher risk of composite kidney outcome than the lowest quartile (hazard ratio [HR],
1.31; 95% confidence interval [Cl], 1.12-1.54). This association was consistent when the AIP was treated as a continuous variable
(HR per 1.0 increase, 1.51; 95% ClI, 1.21-1.88). However, other atherogenic indices did not show significant associations with com-
posite kidney outcome. Adding AIP to the traditional risk model to predict composite kidney outcomes significantly improved the C-in-
dex, net reclassification index, and integrated discrimination improvement. The association between high AIP and an increased risk of
composite kidney outcome was consistent regardless of subgroup.

Conclusion: High AIP was associated with an increased risk of CKD in adults with metabolic derangements.
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Introduction cular (CV) and mortality risks [1]. Early identification and

management of patients at high risk of CKD are crucial to
Chronic kidney disease (CKD) is an emerging medical improve their prognosis. Notably, abnormal lipid metabo-
burden worldwide and is associated with high cardiovas-  lism contributes to the decline in kidney function [2]. Thus,
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lipid-lowering therapy and prevention of metabolic syn-
drome have been suggested to slow the decline in kidney
function [3,4]. However, the relationship between abnor-
mal lipid profiles and kidney dysfunction remains unclear.
Furthermore, the atherogenic indices among lipid profiles
that primarily contribute to the development and progres-
sion of CKD remain controversial.

Atherogenic indices are indicators of abnormal lipid me-
tabolism and are assessed by various ratios of lipid profiles,
including the atherogenic index of plasma (AIP), which is
calculated as the logarithmically transformed molar ratio
of triglyceride (TG) to high-density lipoprotein cholesterol
(HDL-C) [5]. Recent studies have compared the useful-
ness of these atherogenic indices in predicting adverse CV
events and mortality. Among these, AIP has been identified
as a novel and useful marker for atherosclerosis and CV
disease [6,7]. For kidney disease, few studies have found an
association between atherogenic indices and kidney func-
tion. A cross-sectional study using the National Health and
Nutritional survey (2009-2016) data showed that AIP was
negatively correlated with the estimated glomerular filtra-
tion rate (eGFR) [8]. Moreover, a longitudinal study with a
Japanese cohort found that a high TG to HDL-C ratio was
significantly associated with the risk of the development
and progression of CKD in participants with or without
CKD [9]. Nevertheless, evidence of abnormal lipid metab-
olism and kidney outcome is still lacking. In particular, the
role of atherogenic indices in individuals with underlying
metabolic derangements in kidney function remains un-
clear [10-12].

Therefore, this study aimed to investigate the role of
atherogenic indices, including AIP, on the development
and progression of CKD in adults with metabolic derange-
ments.

Methods

This study was approved by the Institutional Review Board
of Gangnam Severance Hospital (No. 3-2020-0114) and
conducted in accordance with the Declaration of Helsinki.
The requirement for written informed consent was waived
due to the study’s retrospective nature.

Data source and study population

This study used data from the Gangnam Severance Med-
ical Cohort (GSMC, 2006-2021). The GSMC data is a ret-
rospective cohort study consisting of patients who visited
Gangnam Severance Hospital (a tertiary university hos-
pital in Seoul, South Korea) with at least one metabolic
derangement including diabetes mellitus (DM), fatty liver,
and hypertension (HTN). The definition of each metabol-
ic derangement is described in Supplementary Methods
(available online). The aim of establishing the GSMC data
was to identify risk factors and assess the outcomes of met-
abolically unhealthy individuals residing in the urban area
of South Korea. The GSMC cohort was combined by each
sub-cohort including DM (n = 2,021), fatty liver (n = 4,287),
and HTN (n = 2,709). The sub-cohort was determined
by the disease category based on the diagnosis of each
specialist (endocrinologist, gastroenterologist, and cardi-
ologist) or the prescription of medication. Finally, 9,017
participants who regularly visited the Gangnam Severance
Hospital every 3 to 6 months between 2006 and 2021 were
enrolled in the GSMC data. For this study, participants
who were under 18 years of age, whose medical records
and laboratory data were missing, whose baseline eGFR of
<15 mL/min/1.73 m* who had already been on renal re-
placement therapy, or whose follow-up duration was less
than 90 days were excluded. After exclusion, a complete
case data set was used for the study analysis. Consequent-
ly, a total of 4,176 participants were analyzed in this study
(Fig. 1). The participants of this cohort were followed up at
least at intervals of 90 days, from the date of their first visit
and blood sampling, until the earliest date of 1) incident
occurrence of the composite kidney outcome, 2) all-cause
death, and 3) censoring (censoring for loss to follow-up or
end of the study).

Variables and definition

Demographic data, past medical history, and laboratory
data were collected from medical records at the time of
study enrollment. Demographic data included age, sex,
status of smoking and alcohol, body mass index (BMI),
systolic blood pressure (SBP), and diastolic blood pres-
sure (DBP). Data on medical history, including HTN, DM,
coronary artery disease (CAD), cerebral infarction, dyslip-
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Patients from Gangnam Severance Medical Cohort
with at least one metabolic derangement including
DM (n = 2,201), fatty liver (n = 4,287), and HTN (n = 2,709)
from 2006 to 2021 (total n=9,017)

Exclusion

i) Age €18 yr (n = 87)

ii) Missing and duplicated data (lipid profile, 2,241;
height & weight, 1,510; smoking & alcohol, 293;
past history, 517)

iii) Patients whose baseline eGFR <15 mL/min/1.73 m

iv) Patients on chronic dialysis or underwent kidney
transplantation (n = 53)

v) Follow-up <90 days (n = 140)

A4

2

4,176 patients were finally analyzed
Patients were classified into quartiles according to levels of
atherogenic indices

Figure 1. Study subjects.
DM, diabetes mellitus; HTN, hypertension; eGFR, estimated
glomerular filtration rate.

idemia, and fatty liver were collected. The medical history
was primarily determined based on the presence of cases
corresponding to the codes of the International Classifi-
cation of Diseases, 10th revision (ICD-10). Additionally,
cases that satisfied the diagnostic criteria for each specific
disease were also considered in the determination of med-
ical history. Detailed methods including ICD-10 codes
used for searching the medical history records are in Sup-
plementary Methods and Supplementary Table 1 (avail-
able online). Laboratory data included serum levels of
hemoglobin, albumin, creatinine, fasting plasma glucose,
total cholesterol (TC), low-density lipoprotein cholesterol
(LDL-C), HDL-C, and TG. The eGFR was calculated using
the Chronic Kidney Disease-Epidemiology Collaboration
equation [13]. Proteinuria and albuminuria were assessed
by analyzing a spot urine sample using the urine protein
to creatinine ratio (UPCR) and urine albumin to creatinine
ratio (UACR). Atherogenic indices were defined as the ratio
of lipid profiles: AIP was calculated from the log-trans-
formed molar ratio value of TG/HDL-C (log[TG (mmol/L)/
HDL-C (mmol/L)]), TC/HDL-C, LDL-C/ HDL-C, and non-
HDL-C/HDL-C. Each atherogenic index was stratified into
quartiles and also treated as a continuous value.
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Study outcome

The study endpoint was the composite kidney outcome
defined as a composite of eGFR <60 mL/min/1.73 m” in at
least two measurements among the participants with base-
line eGFR of 260 mL/min/1.73 m®, >30% decrease in eGFR
from baseline among the participants with baseline eGFR
of <60 mL/min/1.73 m® or initiation of dialysis or kidney
transplantation.

Statistical analyses

Continuous variables are expressed as mean + standard
deviation (SD) or median (interquartile range [IQR]), and
categorical variables are expressed as absolute numbers
(%). The groups were compared using analysis of variance
for continuous variables and the chi-square test or Fisher
exact test for categorical variables. The Kolmogorov-Smirn-
ov test was conducted to determine the normality of the
distribution of parameters. If the resulting data did not
show a normal distribution, the geometric mean + SD was
reported. The association between atherogenic indices, in-
cluding AIP and composite kidney outcome, was evaluated
using multivariable Cox proportional hazards regression
and Kaplan-Meier curves with log-rank tests. Hazard ra-
tios (HRs) for composite kidney outcome were assessed
using atherogenic indices as quartiles and continuous vari-
ables. Variables that showed statistical significance in the
univariable analyses or were considered to have clinical
significance were included in the multivariable models.
Restricted cubic spline analysis was performed to observe
the linearity between atherogenic indices and risk of com-
posite kidney outcome. Restrictive cubic splines were
used as the smoothing technique, and spline degrees of
freedom were selected based on the lowest set. To evaluate
the discrimination performance of the multivariable Cox
proportional hazards regression models by AIP, Harrell’s
concordance index (C-index), net reclassification index
(NRI), and integrated discrimination improvement (IDI)
of AIP were compared with the traditional risk factors for
CKD [14]. The traditional risk factors for CKD were such as
age, sex, status of smoking and alcohol, BMI, SBP, hemo-
globin, eGFR, medication history of lipid-lowering agents,
and past histories of HTN, DM, CAD, cerebral infarction,
dyslipidemia, and fatty liver [15-18]. For subgroup anal-
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ysis, the participants were stratified by age, sex, BMI, and
sub-cohorts including DM, fatty liver, HTN, CKD and stag-
es of CKD, and the use of lipid-lowering drugs.

Several sensitivity analyses were performed to validate
the results of the primary analysis. First, competing risk
analysis for composite kidney outcome treating all-cause
death as competing risk was performed by a Fine and Gray
subdistribution hazard model. Second, multivariable Cox
analysis was performed between two groups based on the
cutoff value of AIP which increases the risk of composite
kidney outcome. Third, the association between AIP levels
and the risk of each kidney outcome was separately evalu-
ated in two groups with or without CKD at baseline (whose
eGFR <60 mL/min/1.73 m” or albuminuria at baseline). For
all analyses, a value of p < 0.05 was statistically significant.
All statistical analyses were conducted using SPSS version
25.0 (IBM Corp.) and Stata version 17 (StataCorp.)

Results
Baseline characteristics

The current study included 4,176 participants. The base-
line characteristics are shown according to the composite
kidney outcome (non-progressor vs. progressor) (Table 1).
The mean age of the overall cohort was 57.0 + 13.1 years,
and 2,585 (61.9%) were male. The progressors had older
age, lower BMI, higher proportion of smoking and alcohol
status, and higher SBP and DBP than non-progressors. The
progressors were more likely to have past histories of HTN,
DM, CAD, cerebral infarction, and CKD, while less likely to
have fatty liver, and were more frequently using lipid-low-
ering agents than non-progressors. In the laboratory data,
the progressors had lower levels of hemoglobin, albumin,
TC, LDL-C, and HDL-C than non-progressors, but the
levels of TG and fasting glucose were not significantly dif-
ferent between progressors and non-progressors. Also, the
progressors had significantly higher levels of UPCR and
UACR than non-progressors. The mean value of AIP in the
total study population was 0.5 + 0.3, and the level of AIP in
progressors was significantly higher than that in non-pro-
gressors. In the other atherogenic indices, LDL-C/HDL-C
showed lower values in progressors than in non-progres-
sors, and TC/HDL-C or non-HDL-C/HDL-C showed no
significant difference between progressors and non-pro-

gressors.
Atherogenic indices and composite kidney outcome

During the median follow-up of 6.0 years (IQR, 2.5-11.0
years), 1,266 cases (30.3%) of composite kidney outcome
occurred (specific kidney events of eGFR <60 mL/min/1.73
m’, 814 [19.5%]; 30% decline in eGFR, 363 [8.7%]; and end-
stage kidney disease, 89 [2.1%]). First, the Kaplan-Meier
analyses of composite kidney outcome according to the
quartiles of atherogenic indices were performed. The risk
of composite kidney outcome was significantly higher in
the highest quartile of AIP than in the lowest quartile (p =
0.01) (Fig. 2A). Moreover, the risk for composite kidney out-
come was significantly decreased in the highest quartile of
LDL-C/HDL-C compared with the lowest quartile (p = 0.04)
(Fig. 2C). However, the quartiles of TC/HDL-C and non-
HDL-C/HDL-C showed no significant association with the
risk of composite kidney outcome (p = 0.53 in TC/HDL-C
and p = 0.53 in non-HDL-C/HDL-C) (Fig. 2B, D).

Next, multivariable Cox regression analyses for compos-
ite kidney outcome according to atherogenic indices were
performed after adjustment for traditional risk factors such
as age, sex, status of smoking and alcohol, BMI, SBP, hemo-
globin, eGFR, medication history of lipid-lowering agents,
and past histories of HTN, DM, CAD, cerebral infarction,
dyslipidemia, and fatty liver. In multivariable Cox models,
only AIP showed significant results; the highest quartile of
AIP was associated with a higher risk of composite kidney
outcome compared with the lowest quartile (HR, 1.31;
95% CI, 1.12-1.54; p = 0.001 in the highest quartile of AIP)
(Table 2). A similar association was observed when AIP
was treated as a continuous variable (HR per 1.0 increased
in AIP levels, 1.51; 95% CI, 1.21-1.88; p < 0.001) (Table 2).
Although the highest quartile of LDL-C/HDL-C showed
a decreased risk of composite kidney outcome, no signif-
icant association was observed in the multivariable Cox
regression model (HR, 0.94; 95% CI, 0.79-1.10; p = 0.43 in
the highest quartile of LDL-C/HDL-C) (Table 2). A similar
trend was observed when LDL-C/HDL-C was treated as a
continuous variable (HR per 1.0 increase in LDL-C/HDL-C
levels, 1.00; 95% CI, 0.94-1.06; p = 0.83). Other indices, in-
cluding TC/HDL-C and non-HDL-C/HDL-C, showed no
significant association with the composite kidney outcome
when treated as quartiles and continuous variables.
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Table 1. Baseline characteristics

Characteristic Total Non-progressor Progressor p-value
Demographic data
No. of patients 4,176 2,910 1,266
Age (yr) 570+ 131 549+ 129 61.8+12.2 <0.001
Male sex 2,585 (61.9) 1,805 (62.0) 780 (61.6) 0.79
Smoking 986 (23.6) 651 (22.4) 335 (26.5) 0.004
Alcohol 1,093 (26.2) 711 (24.4) 382 (30.2) <0.001
Body mass index (kg/m?) 25.1+3.6 252+ 3.7 24.7 £3.2 <0.001
SBP (mmHg) 128.6 +18.3 128.1 +17.8 1299+ 194 <0.001
DBP (mmHg) 78.6+12.2 79.1+123 775+119 <0.001
Medication history
Lipid-lowering agents 569 (13.6) 339 (11.6) 230 (18.2) <0.001
Comorbidities
Hypertension 1,804 (43.2) 1,115 (38.3) 689 (54.4) <0.001
Diabetes mellitus 1,552 (37.2) 1,063 (36.5) 489 (38.6) <0.001
Coronary artery disease 945 (22.6) 522 (17.9) 423 (33.4) <0.001
Cerebral infarction 268 (6.4) 147 (5.1) 121 (9.6) <0.001
Dyslipidemia 1,646 (39.4) 1,150 (39.5) 496 (39.2) 0.07
Chronic kidney disease 1,508 (36.1) 876 (30.1) 632 (49.9) <0.001
Stage 1-2 667 (15.9) 401 (13.8) 266 (21.0) 0.16
Stage 3A 413 (9.9) 234 (8.0) 179 (14.1) 0.49
Stage 3B 291 (7.0) 162 (5.6) 129 (10.2) 0.35
Stage 4 137 (3.3) 9 (1.0) 8 (4.6) 0.92
Fatty liver 1,372 (33.2) 1,262 (43.7) 110 (9.0) <0.001
Laboratory data
eGFR (CKD-EPI) (mL/min/1.73 m?) 8251249 87.8+24.4 70.2+215 <0.001
TC (mg/dL) 181.5+43.2 184.7 +44.4 174.4 + 39.4 <0.001
LDL-C (mg/dL) 110.8 £ 36.9 114.2 £ 37.8 103.1+33.5 <0.001
HDL-C (mg/dL) 433185 439+84 419+ 8.7 <0.001
Triglyceride (mg/dL) 171.6 £ 122.3 171.7 £ 122.2 171.3+122.8 0.93
Hemoglobin (g/dL) 13.8+2.0 141+19 131+19 <0.001
Albumin (g/dL) 44+05 44+0.5 43+0.5 <0.001
Fasting plasma glucose (g/dL) 1325 +68.1 132.2+70.8 133.1+61.6 0.69
UPCR (mg/g Cr) 993.3 £ 3,092.3 708.5+2,571.4 1,598.0 £ 3,913.1 <0.001
UACR (mg/g Cr) 535.8 +2,438.9 384.9 £ 2,405.5 826.9 £ 2,479.8 <0.001
Atherogenic indices
Atherogenic index of plasma 05+03 05+03 0.6+0.3 0.03
TC/HDL-C 43+13 43+13 43+13 0.70
LDL-C/HDL-C 26+1.0 2.7+10 26+09 <0.001
Non-HDL-C/HDL-C 33113 33+13 33+13 0.70

Data are expressed as number only, mean + standard deviation, or number (%).

CKD, chronic kidney disease; CKD-EPI, Chronic Kidney Disease-Epidemiology Collaboration equation; DBP, diastolic blood pressure; eGFR, estimated
glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood pressure; TC, total
cholesterol; UACR, urinary albumin to creatinine ratio; UPCR, urinary protein to creatinine ratio.
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Figure 2. The Kaplan-Meier curves of composite kidney outcome. (A) Atherogenic index of plasma (AIP), (B) total cholesterol (TC)/
high-density lipoprotein cholesterol (HDL-C), (C) low-density lipoprotein cholesterol (LDL-C)/HDL-C, and (D) non-HDL-C/HDL-C.

Finally, restricted cubic spline curve analyses were per-  Only the AIP levels revealed a significant linear association,
formed to evaluate the linear relationship between the risk  and the HRs for the composite kidney outcome significant-
of composite kidney outcome and atherogenic indices. ly increased with increasing AIP levels. The cutoff value of
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Table 2. Association between atherogenic indices and the risk of composite kidnhey outcome

Atherogenic  No.of Personyear  Event rate Model 1 Model 2 Model 3
indices events  (1,000) (95% ClI) HR(95%Cl)  p-value HR(95%CI) pvalue HR(95%Cl)  p-value
AIP per 1.0 1,266 28,210 44.9(42.4-47.4) 1.41(1.15-1.73) <0.001 1.73(1.40-2.13) <0.001 1.51(1.21-1.88) <0.001
increase
Q1 302 7,247 41.7 (37.2-46.6) (Reference) (Reference) (Reference)
Q2 313 7,229 43.3(38.8-48.4) 1.04 (0.89-1.22) 0.60 1.08(0.92-1.27) 0.33 1.03(0.88-1.21) 0.71
Q3 300 6,991 42.9(38.3-48.0) 1.04 (0.88-1.22) 0.66 1.06(0.90-1.24) 0.49 0.99(0.84-1.16) 0.90
Q4 351 6,741  52.1(46.9-57.8) 1.26(1.08-1.4) 0.003 1.45(1.24-1.69) <0.001 1.31(1.12-1.54) 0.001
TC/HDL-Cper 1,266 28,210 44.9 (42.4-47.4) 0.99 (0.96-1.04) 0.96 1.04(0.99-1.08) 0.10 1.04(0.99-1.08) 0.12
1.0 increase
Q1 319 6,769 471 (42.2-52.6) (Reference) (Reference) (Reference)
Q2 329 7400 44.5(39.9-49.5) 0.93(0.79-1.08) 0.34 0.94(0.80-1.09) 0.41 1.03(0.88-1.20) 0.72
Q3 323 7046  45.8(41.1-51.1) 0.97 (0.83-1.13) 0.68 1.02(0.87-1.19) 0.84 1.15(0.88-1.34) 0.09
Q4 295 6,993 42.2 (37.6-47.3) 0.90(0.77-1.05) 0.17 1.01(0.86-1.18) 0.91 1.01(0.86-1.19) 0.89
LDL—C{ I-CI)DL-C 1,266 28,210 44.9 (42.4-47.4) 0.94 (0.88-0.99) 0.03 0.98(0.92-1.04) 0.46 1.00(0.94-1.06) 0.83
i?]irreése
Q1 344 7134  48.2 (43.4-53.6) (Reference) (Reference) (Reference)
Q2 347 7300 475(42.8-52.8) 0.98(0.84-1.14) 0.78 0.97 (0.83-1.12) 0.65 1.06(0.92-1.24) 0.42
Q3 314 6,972 45.0(40.3-50.3) 0.95(0.81-1.10) 0.49 0.94(0.81-1.10) 0.45 1.03(0.88-1.20) 0.70
Q4 261 6,803 38.4(34.0-43.3) 0.81(0.69-0.95) 0.01 0.89(0.76-1.05) 0.16 0.94(0.79-1.10) 0.43
Non-HDL-C/ 1,266 28,210 44.9 (42.4-47.4) 0.99 (0.96-1.04) 0.96 1.04(0.99-1.08) 0.10 1.04(0.99-1.08) 0.12
HDL-C per
1.0 increase
Q1 319 6,769 471 (42.2-52.6) (Reference) (Reference) (Reference)
Q2 329 7400  44.5(39.9-49.5) 0.93 (0.79-1.08) 0.34 0.94(0.80-1.09) 0.41 1.03(0.88-1.20) 0.72
Q3 323 7,046  45.8(41.1-51.1) 0.97 (0.83-1.13) 0.68 1.02(0.87-1.19) 0.84 1.15(0.98-1.34) 0.09
Q4 295 6,993 42.2 (37.6-47.3) 0.90(0.77-1.05) 0.17 1.01(0.86-1.18) 0.91 1.01(0.86-1.19) 0.89

Model 1: unadjusted model; model 2: adjusted for age and sex; model 3: adjusted for age, sex, smoking, and alcohol status, body mass index, systolic
blood pressure, hemoglobin, eGFR rate (Chronic Kidney Disease-Epidemiology Collaboration equation), use of lipid-lowering agents, past histories of
hypertension, diabetes mellitus, coronary artery disease, cerebral infarction, dyslipidemia, and fatty liver.

AlP, atherogenic index of plasma; Cl, confidence interval; HR, hazard ratio; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein

cholesterol; TC, total cholesterol.

the AIP that increased the risk of composite kidney out-
come was 0.51 (Fig. 3).

Incremental prognostic value of atherogenic index of
plasma over the risk factors of composite renal outcome

Table 3 shows the incremental prognostic value of AIP
compared to the traditional risk factors for CKD (model 1)
and traditional risk factors plus eGFR (model 2). The tradi-
tional risk factors for CKD were such as age, sex, status of
smoking and alcohol, BMI, SBP, hemoglobin, eGFR, medi-
cation history of lipid-lowering agents, and past histories of
HTN, DM, CAD, cerebral infarction, dyslipidemia, and fatty
liver. The C-index (0.773; 95% CI, 0.760-785; p < 0.001), NRI
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(0.064; 95% CI, 0.011- 0.110; p = 0.03), and IDI (0.004; 95%
CI, 0.001-0.010; p = 0.02) were significantly improved with
the addition of AIP to the traditional risk factors plus eGFR
model (model 3).

Subgroup analyses

To investigate whether the association between AIP and
composite kidney outcome was robust in the sub-popu-
lation, a subgroup analysis was performed (Fig. 4). Par-
ticipants were stratified by age (<50 years vs. 250 years),
sex (male vs. female), BMI (<25 kg/m” vs. 225 kg/m®), and
sub-cohorts by DM, fatty liver, HTN, CKD (no vs. yes),
stages of CKD (stages 1-2, 3A, 3B, and 4), and the use of
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Figure 3. Restricted cubic spline curve for HRs of composite outcome according to the indices in multivariable Cox regression
model. (A) Atherogenic index of plasma (AIP), (B) total cholesterol (TC)/high-density lipoprotein cholesterol (HDL-C), (C) low-density
lipoprotein cholesterol (LDL-C)/HDL-C, and (D) non-HDL-C/HDL-C. Black line shows HRs and gray dotted line represents 95%

confidence interval.
HR, hazard ratio.

Table 3. Risk discrimination metrics for composite kidney outcome

Composite kidney outcome

Model

C-statistic (95% Cl) AC-statistic (95% Cl) NRI (95% CI) p-value IDI (95% ClI) p-value
1 0.758 (0.745-0.771)
2 0.770(0.758-0.783) 0.0122 (0.0084-0.0160) 0.034 (0.020-0.048) <0.001 0.007 (0.004-0.012) <0.001
3 0.773 (0.760-0.785) 0.0021 (0.0001-0.0042) 0.064 (0.011-0.110) 0.03 0.004 (0.001-0.010) 0.02

Model 1: traditional risk factors only; model 2: traditional risk factors + eGFR; model 3: traditional risk factors + eGFR + atherogenic index of plasma.
Traditional risk factors: age, sex, status of smoking and alcohol, body mass index, systolic blood pressure, hemoglobin, eGFR, medication history of lipid-
lowering agents, and past histories of hypertension, diabetes mellitus, coronary artery disease, cerebral infarction, dyslipidemia, and fatty liver.

Cl, confidence interval; eGFR, estimated glomerular filtration rate; IDI, integrated discrimination improvement; NRI, net reclassification index.

lipid-lowering agents (no vs. yes). When AIP was treated as
a continuous variable, no significant interaction between
AIP and each subgroup for the composite kidney outcome
was found (p for interaction > 0.05, for all subgroups). This
finding suggested that AIP significantly increased the risk
of composite kidney outcome regardless of subgroup.

Sensitivity analyses

Several sensitivity analyses were performed to validate
the main findings. Firstly, when competing risk analysis
for composite kidney outcome treating all-cause death as
competing risk, cumulative incidences showed that the

highest quartile of AIP and the lowest quartile of LDL-C/
HDL-C were significantly associated with an increased
risk for composite kidney outcome (Supplementary Fig. 1,
available online). After adjustment for covariates, only ATP
showed significant results that high AIP levels were associ-
ated with an increased risk for composite kidney outcome
(subdistribution HR [SHR], 1.27 [95% CI, 1.09-1.51]; p =
0.003, in the highest quartile; SHR per 1.0 increase in AIP,
1.44 [95% CI, 1.15-1.78]; p < 0.001) (Supplementary Table
2, available online). Secondly, we evaluated the charac-
teristics between groups based on the cutoff value of AIP
(<0.51 or 20.51) which was determined by restricted cubic
spline analysis between AIP levels and composite kidney
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Subgroup Prevalence P for interaction HR (95% CI)
All patients 1,266/4,176 (30.3) | —o— 1.53 (1.23 to 1.90)
Age (yr) 0.52 !
<50 197/1,180 (16.7) | 1.89 (1.14 t0 3.12)
250 1,069/2,996 (35.7) | —— 1.52 (1.19 10 1.94)
Sex 0.82 |
Male 780/2,585 (30.2) | —-— 1.56 (1.18 to 2.06)
Female 486/1,591 (30.5) —.— 1.50 (1.05 to 2.15)
Body mass index (kg/m?) 0.28 |
|
<25 721/2,229 (32.3) —— 1.42 (1.06 to 1.91)
225 545/1,947 (28.0) | —a— 1.79 (1.27 to 2.51)
Lipid lowering agents 0.69 |
Yes 230/569 (40.4) | 1.34 (1.13 to 1.55)
No 1,036/3,607 (28.7) | —-— 1.55 (1.22 to 1.97)
Hypertension 0.92 :
Yes 689/1,804 (38.2) i—l— 1.45 (1.07 to 1.97)
No 577/2,372 (24.3) | —a— 1.60 (1.16 to 2.21)
Diabetes 0.91 !
Yes 489/1,552 (31.5) | —— 1.60 (1.13 to 2.25)
No 777/2,624 (29.6) | —— 1.49 (1.12 to 1.99)
Fatty liver 0.33 |
Yes 110/1,372 (8.0) : . 2.05 (0.98 to 4.31)
No 1,156/2,804 (41.2) | —— 1.48 (1.18 to 1.87)
|
CKD 0.82 |
Yes 632/1,508 (41.9) i—l— 1.42 (1.04 to 1.93)
No 634/2,668 (23.8) | —a— 1.71 (1.26 to 2.33)
CKD stage 0.91 :
Stage 1-2 266/667 (39.9) . 1.52 (0.95 to 2.42)
Stage 3A 179/413 (43.3) i 1.76 (0.94 to 3.29)
Stage 3B 129/291 (44.3) : 1.79 (0.87 to 3.67)
Stage 4 58/137 (42.3) : 1.82 (0.83 to 3.21)
[ [ [ I
1

0.5

Figure 4. Subgroup analysis for the effects of atherogenic index of plasma on the risk of composite kidney outcome.
HR, hazard ratio; Cl, confidence interval; CKD, chronic kidney disease.

outcome. The group with AIP >0.51 were younger, more
likely to be male, smoker, drinker, and had higher BMI and
DBP levels than those with AIP <0.51. Moreover, the group
with AIP >0.51 was more likely to have medical histories
including HTN, DM, dyslipidemia, and CKD. In the labora-
tory data, the group with AIP >0.51 showed higher levels of
TC, LDL-C, TG, and fasting plasma glucose than those with
AIP <0.51. In the aspect of atherogenic indices, the levels of
AIP, TC/HDL-C, LDL-C/HDL-C, and non-HDL-C/HDL-C
were higher in AIP >0.51 group (Supplementary Table 3,
available online). When the risk for composite kidney out-
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come was compared using the multivariable Cox model
between groups with AIP <0.51 and >0.51, the group with
AIP >0.51 showed significantly higher risk than those with
AIP <0.51 (HR, 1.52; 95% CI, 1.28-1.80; p < 0.001) (Supple-
mentary Table 4, available online). Lastly, to further in-
vestigate whether the association between high AIP levels
and an increased risk of composite kidney outcome are
differed by the baseline kidney function, multivariable Cox
regression analysis was performed separately in the group
without underlying CKD (whose baseline eGFR of 260 mL/
min/1.73 m” and no albuminuria at baseline) or in group
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with CKD (whose baseline eGFR of <60 mL/min/1.73 m?).
In both groups, only the highest quartile of AIP was sig-
nificantly associated with an increased risk of kidney out-
comes. These results were consistent when AIP levels were
treated as a continuous variable (Supplementary Table 5, 6;
available online).

Discussion

In this study, we examined the association between various
atherogenic indices including AIP and the risk of compos-
ite kidney outcome. Among the atherogenic indices, only
high AIP levels were significantly associated with a high
risk of composite kidney outcome. When adding AIP levels
to the risk prediction model for composite kidney outcome,
including traditional risk factors plus eGFR, the predictive
value was significantly improved. Additionally, subgroup
analysis stratified by age, sex, BMI, and sub-cohorts such
as DM, fatty liver, HTN, CKD, and the use of lipid-lowering
agents yielded consistent results; the high AIP levels with
increased risk for composite kidney outcome were regard-
less of subgroup.

Numerous prospective cohort and cross-sectional obser-
vational studies conducted in the general population have
found associations between different types of dyslipidemia
and declining kidney function. The abnormality of lipid
profile is a pathophysiological condition that is strongly
linked to kidney damage, which can occur even in the early
stages of kidney dysfunction and tends to worsen as CKD
progresses [2]. Especially, high TG, low HDL-C level, and
high TC/HDL-C ratio were significantly associated with
an increased risk of developing decreased kidney function
[10,11,19]. Hou et al. [20], in a cross-sectional study, have
demonstrated that high TG levels are closely related to
the risk of mildly decreased eGFR in the Chinese healthy
general population. Interestingly, the association between
TG levels and eGFR was consistent in participants with
normal serum lipid profiles. This finding implies that ele-
vated TG levels could appear in the early stages of kidney
dysfunction. Furthermore, results of a longitudinal study
of the Japanese general population supported that hy-
pertriglyceridemia is independently associated with the
development of CKD [21] and proteinuria [22]. Regarding
HDL-C level, Bowe et al. [23] noted from a cohort of male
US veterans that low HDL-C is significantly associated with

the risk of incident CKD and CKD progression. Moreover,
a recent Mendelian randomization study, using the largest
lipid and CKD cohorts, showed that the HDL-C reduces the
risk of development of CKD and decline in eGFR, but not
the quantitative increase in albuminuria [24]. Prior studies
have identified that the higher ratio of TG and HDL-C levels
was associated with the decline in kidney function, protein-
uria, development, and progression of CKD in longitudinal
and cross-sectional studies in the general population for
a relatively short period of time [9,25,26]. Although there
have been studies regarding the association between the
individual or simple ratio of lipid profiles and kidney out-
come in the general healthy population or lipid and CKD
cohorts, no studies have been conducted on participants
with metabolic derangements. Moreover, no longitudinal
cohort studies on the association between AIP and com-
posite kidney outcome in the population with metabolic
derangements have been reported until now. Zhou and
Shang [8], in a cross-sectional observational study based
on the national health and nutrition examination survey of
15,836 participants of the general population from 2009 to
2016, reported not only a linear association between AIP
and reduced eGFR, but also the ability of AIP to optimize
the risk stratification of reduced eGFR. However, because
the results originated from a cross-sectional design, there
are limitations to explaining the causality between AIP and
reduced eGFR. Another study by Yuan et al. [27], which
consisted of 2,485 participants from a cross-sectional study
and a small longitudinal cohort of adolescent and young
adults from a Chinese healthy general population, indicat-
ed that elevated AIP increased the risk of developing sub-
clinical kidney damage and was associated with UACR and
eGFR; however, there were some limitations with regard
to the number of participants in the longitudinal cohort
(approximately 338 participants), which was too small
and there was no robust analysis in the evaluation of the
predictive value of AIP about the kidney function decline
and progression of CKD. In our study with large numbers
of adults with at least one metabolic derangement, high
AIP significantly increased the risk of composite kidney
outcome regardless of subgroups with metabolic derange-
ments. Our study findings suggest that AIP may be a simple
predictor of CKD development and progression in all types
of metabolic derangements, including DM, fatty liver, and
HTN.
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The underlying pathogenic mechanism of AIP with in-
creased risk of kidney outcome is unclear. However, there
are several possible explanations. First, AIP may serve as
an indirect indicator for the size of LDL-C particles, which
is associated with a higher risk of atherogenicity [2,5]. In a
study involving 1,433 participants from 35 different cohorts
with various atherosclerosis risk factors such as HTN, DM,
and dyslipidemia, a robust positive association was found
between the AIP and the cholesterol esterification rate in
apolipoprotein-B-lipoprotein-depleted plasma, which is
an indirect measurement of LDL-C particle size [5]. This
result indicates that AIP is directly linked to the risk of
atherosclerosis and can be used as a marker of plasma ath-
erogenicity. Previous experimental pilot studies confirmed
the close association between AIP and lipoprotein particle
size, as well as free cholesterol esterification rate [5,28-32].
Decreased level of HDL-C leads to reduced reverse cho-
lesterol transportation and results in the accumulation of
lipids in glomeruli [33]. As a result, the accumulation of
the foam cells leads to glomerulosclerosis and progression
of kidney dysfunction [2,34]. Thus, AIP may be a potential
marker for predicting kidney damage due to the possibility
of an increase in the proportion of small and dense lipo-
protein particles, along with elevated esterification rates.
Another possible explanation is that a high AIP level is as-
sociated with insulin resistance, which is a known risk fac-
tor for kidney disease [35-37]. Recent studies showed that
the ratio of plasma TG/HDL-C was found to be a predictor
of insulin resistance [35]. Insulin resistance increases the
concentrations of TG and HDL-C, and in turn, the AIP may
affect insulin secretion, p-cell dysfunction, and cause poor
glycemic control in patients with DM [36]. As a result, si-
multaneous association with insulin resistance and faster
insulin secretory loss leads to poor glycemic control and
reduces liver TG synthesis, LDL-C export, as well as lip-
olysis of TG-rich particles via affecting lipoprotein lipase.
Furthermore, previous studies showed that AIP played a
critical role in predicting the risk of development of CAD
and fatty liver disease, and acute ischemic stroke, which
are resulting from insulin resistance [37-39]. Therefore, AIP
may indirectly increase the risk of kidney disease by insulin
resistance [40].

The present study had some limitations. First, because of
the nature of retrospective studies, causality between AIP
and composite kidney outcome cannot be concluded. It
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is unclear whether the correction of AIP to a normal level
reduces the risk of composite kidney outcome. Second,
although the study population contained a real-world
cohort of participants with metabolic derangements, se-
lection bias might have occurred because the participants
were derived from only one center-based cohort. Third,
the glomerular filtration rate was not directly measured
by the gold-standard method using inulin clearance. In-
stead, serum creatinine-based eGFR equation was used
and this may have overestimated or underestimated the
actual glomerular filtration rate. Fourth, our analyses were
performed only with the Asian population. Thus, caution is
needed to generalize the study results to other ethnics.

In conclusion, the present study demonstrated that high
AIP was associated with an increased risk of composite
kidney outcome in patients with metabolic derangements.
The addition of AIP to the known traditional risk factors
for the development and progression of CKD improved
the prognostic value of composite kidney outcome. These
findings suggest that AIP may be useful for predicting CKD
development and progression.
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