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Summary
What is already known on this topic?
Peripheral artery disease (PAD) and dyslipidemia are both independ-
ent predictors of cardiovascular disease (CVD). Lipidomics can identi-
fy and quantify individual lipid species associated with subclinical PAD.
What is added by this report?
This is the first longitudinal lipidomic study of subclinical PAD in a large
community‐based cohort of American Indians. Altered baseline levels
of multiple individual lipid species and their changes were associated
with subclinical PAD, with some lipids also associated with coronary
heart disease risk beyond traditional risk factors.
What are the implications for public health practice?
Given the high prevalence of CVD risk factors among American Indi-
ans, early screening for PAD at younger ages is essential.

Abstract

Introduction
Peripheral artery disease (PAD) and dyslipidemia are both inde-
pendent predictors of cardiovascular disease, but the association
between individual lipid species and subclinical PAD, assessed by
ankle-brachial index (ABI), is lacking in large-scale longitudinal
studies.

 

Methods
We used liquid chromatography-mass spectrometry to repeatedly
measure 1,542 lipid species from 1,886 American Indian adults at-
tending 2 clinical examinations (mean ~5 years apart) in the
Strong Heart Family Study. We used generalized estimating equa-
tion models to identify baseline lipid species associated with
change in ABI and the Cox frailty regression to examine whether
lipids associated with change in ABI were also associated with in-
cident coronary heart disease (CHD). We also examined the lon-
gitudinal association between change in lipid species and change
in ABI and the cross-sectional association of individual lipids with
ABI. All models were adjusted for age, sex, body mass index,
smoking, alcohol use, hypertension, estimated glomerular filtra-
tion rate, diabetes, and lipid-lowering medication.

Results
Baseline levels of 120 lipid species, including glycerophosphol-
ipids, glycerolipids, fatty acids, and sphingomyelins, were associ-
ated with change in ABI. Among these, higher baseline levels of 3
k n o w n  l i p i d s  ( p h o s p h a t i d y l i n o s i t o l [ 1 6 : 0 / 2 0 : 4 ] ,
triacylglycerol[48:2], triacylglycerol[55:1]) were associated with a
lower risk of CHD (hazard ratios [95% CIs] ranged from 0.67
[0.46–0.99] to 0.76 [0.58–0.99]), while cholesterol was associated
with a higher risk of  CHD (hazard ratio [95% CI] = 1.37
[1.00–1.87]). Longitudinal changes in 32 lipids were significantly
associated with change in ABI during 5-year follow-up. Plasma
levels of glycerophospholipids, triacylglycerols, and glycosylcer-
amides were significantly associated with ABI in the cross-
sectional analysis.

Conclusion
Altered plasma lipidome is significantly associated with subclinic-
al PAD in American Indians beyond traditional risk factors. If val-
idated, the identified lipid species may serve as novel biomarkers
for PAD in this high-risk but understudied population.

The opinions expressed by authors contributing to this journal do not necessarily reflect the opinions of the U.S. Department of Health
and Human Services, the Public Health Service, the Centers for Disease Control and Prevention, or the authors’ affiliated institutions.

       This publication is in the public domain and is therefore without copyright. All text from this work may be reprinted freely. Use of these materials should be properly cited.

www.cdc.gov/pcd/issues/2025/24_0220.htm • Centers for Disease Control and Prevention      1

https://doi.org/10.5888/pcd22.240220


2       Centers for Disease Control and Prevention  •  www.cdc.gov/pcd/issues/2025/24_0220.htm

Introduction
Lower extremity peripheral artery disease (PAD) is characterized
by a partial or complete obstruction of lower limb arteries by ath-
erosclerotic blockages. PAD affects more than 200 million adults
globally and poses a substantial burden to public health (1). Pa-
tients with atherosclerotic PAD are at increased risk of myocardi-
al infarction, stroke, and death. American Indians have a higher
prevalence than non-Hispanic White people of inpatient PAD and
chronic limb-threatening ischemia (2). Dyslipidemia, defined as
high levels of total or low-density lipoprotein (LDL) cholesterol or
low levels of high-density lipoprotein (HDL) cholesterol, is asso-
ciated with PAD (3). Traditional lipid panels measure only bulk
lipoproteins and fail to reflect the diverse molecular lipid species
in a blood sample. A comprehensive profiling of all individual lip-
id species in our blood (ie, blood lipidome) is required to identify
novel biomarkers and enhance our understanding of the mechan-
ism through which dyslipidemia may contribute to atherosclerotic
PAD.

Lipidomics is an emerging high-throughput biochemical tech-
nique that can identify and quantify hundreds to thousands of mo-
lecular lipid species in biofluids or tissues. Epidemiologic studies
have used lipidomics to describe associations of altered lipid spe-
cies, such as ceramides (CERs), cholesterol, phospholipids, and
fatty acids (FAs) with PAD in human populations (4,5). However,
these studies were largely cross-sectional, had small sample sizes,
and/or had low coverage of the blood lipidome. To our know-
ledge, no large-scale longitudinal lipidomic study has investigated
the association between longitudinal change in blood lipidome and
change in ankle-brachial index (ABI), a sensitive and cost-
effective tool for PAD screening, in any racial or ethnic group.
The normal range for ABI is generally 0.9 to 1.4; an ABI <0.9 typ-
ically indicates occlusive PAD related to atherosclerosis, while an
ABI >1.4 reflects noncompressible vessels, which may still sug-
gest underlying occlusive disease (6). Although the prevalence of
ABI >1.4 among adults aged 40 years or older (mean age, 56.9 y)
is relatively low (approximately 1.4%) in the general US popula-
tion (7), data from the Strong Heart Study cohort (8) showed a
higher prevalence of ABI >1.4 (9.2%) among American Indians of
similar age (mean age, 57.1 y). The higher prevalence among
American Indians may be largely attributed to the higher rates of
obesity and diabetes.

The objective of our study was to investigate 1) whether changes
in individual lipid species are associated with change in ABI over
an average of 5-year follow-up among American Indians, inde-
pendent of baseline lipids and traditional risk factors; and 2)
whether ABI-related lipid species are associated with incident

CHD during an average of 18-year follow-up over traditional risk
factors. We also analyzed the cross-sectional association of each
lipid species with ABI at baseline and 5-year follow-up.

Methods
We conducted the first large-scale longitudinal lipidomic profiling
of 3,645 fasting plasma samples from 1,886 unique American In-
dians attending 2 clinical examinations (1,886 at baseline; 1,759 at
follow-up) approximately 5 years apart on average in the Strong
Heart Family Study. By including participants with an ABI <0.9
or an ABI >1.4, we aimed to capture a broad spectrum of lipid
changes associated with cardiovascular health, rather than focus-
ing only on people with ABI values within the normal range.

Study population

The Strong Heart Family Study (2001–ongoing) is a family-based
prospective study designed to identify genetic, metabolic, and be-
havioral factors for cardiovascular disease (CVD) and CVD risk
factors among American Indians (9). Briefly, 2,786 tribal mem-
bers (aged ≥14 y) residing in Arizona, North Dakota, South
Dakota, and Oklahoma were recruited and examined at baseline
(2001–2003)  and  re -examined  a f te r  5 -year  fo l low-up
(2006–2009). Details of the study design, laboratory protocols,
and phenotype collection are available elsewhere (9). Participants
were interviewed and had a physical examination at each visit,
during which fasting blood samples were collected for laboratory
tests. Laboratory methods were described previously (9). We in-
cluded in analysis 1,886 individuals (62.2% females; mean age,
40.1 y) who were free of overt CVD at baseline and had complete
clinical and lipidomic data. All study participants provided in-
formed consent, and protocols were approved by the institutional
review boards of participating institutions and the American Indi-
an tribes.

Measurement of ABI

At baseline and at 5-year follow-up, blood pressure was measured
in the right arm and bilateral ankles (both left and right posterior
tibial artery) by using a handheld Doppler (Imex Medical Limited)
while the participant was in a supine position. Each measurement
was taken twice in immediate succession, and the average of the 2
readings was used. If no pulse was detected either by palpation or
Doppler, a second examiner was asked to confirm the absence and
ankle blood pressure was obtained from the dorsalis pedis artery.
The ABI for each leg was then calculated by dividing the average
systolic blood pressure in the ankle (posterior tibial or dorsalis
pedis) by the average systolic blood pressure in the right arm (bra-
chial artery). The worse of the 2 ABI values (ie, the lower value
for ABI <0.9 or the higher value for ABI >1.4) was used to define
ABI for each person. Change in ABI was calculated as the differ-
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ence in ABI between baseline and 5-year follow-up. Symptoms in-
dicative of PAD, such as intermittent claudication, were evaluated
at both baseline and follow-up by using the Rose Angina Ques-
tionnaire (10), which asks about symptoms such as leg pain dur-
ing walking or resting and other signs of vascular insufficiency.
PAD was defined as participants who had an ABI of either <0.9 or
>1.4 in at least 1 leg during the clinical examination (6). Incident
PAD was defined as not having PAD at baseline but having PAD
at 5-year follow-up.

Assessment of clinical covariates

Information on demographic characteristics (age, sex), lifestyle
(smoking, alcohol use, physical activity), medical history, and use
of prescription medications was collected via standard question-
naires (11). Anthropometric measures (height, weight, waist cir-
cumference) and fasting blood samples were collected at each vis-
it. Smoking status was categorized as current, former, or never
smokers, and alcohol use as current versus noncurrent drinkers.
Hypertension was defined as blood pressure ≥140/90 mm Hg or
use of antihypertensive medication, and type 2 diabetes as fasting
glucose ≥126 mg/dL or use of hypoglycemic medication. CVD
events included fatal and nonfatal myocardial infarction, CHD,
sudden cardiac death, heart failure, and stroke. Use of lipid-
lowering and antihypertensive medication was recorded at each
visit.

Ascertainment of incident coronary heart disease
(CHD)

Details on the ascertainment of incident CHD are available else-
where (12). In brief, CHD included definite CHD (fatal or non-
fatal), definite myocardial infarction (fatal or nonfatal), and sud-
den death due to CHD. CHD events were ascertained by annual
review of hospitalizations, death records, and self-reports (with
subsequent medical record verification) during follow-up visits.
Time to event was recorded based on the date of baseline examin-
ation (2001–2003) to either the date of the first CHD event or the
last follow-up (December 31, 2020). For participants who experi-
enced more than 1 CHD event during an average 18-year follow-
up period, we used the earliest event date in our analysis.

Lipidomic data acquisition, preprocessing, and quality
control

Methods for blood sample collection, lipidomic data acquisition,
processing, and normalization are described elsewhere (13).
Briefly, relative abundance of molecular lipid species in fasting
plasma samples at 2 time points (~5 years apart) was quantified by
untargeted liquid chromatography–mass spectrometry. After pre-
processing and quality control, we obtained 1,542 lipids (518
known) in 3,950 samples (1,970 at baseline; 1,980 at 5-year

follow-up). After further excluding outlier samples (n = 2 at
baseline; n = 3 at follow-up) and people with prevalent CVD (n =
12 at baseline; n = 87 at follow-up) or missing covariates (n = 70
at baseline; n = 131 at follow-up), we included 1,886 participants
(1,886 at baseline; 1,759 at 5-year follow-up) with complete clin-
ical and lipidomic data. We observed no clear batches in our
lipidomic data.

Statistical analysis

Continuous variables, including lipid levels, were standardized to
zero mean and unit variance. Multiple testing was controlled by
false discovery rate by using the Storey Q-value method (14); Q
<.05 was used to determine significance.

Prospective association analysis
To identify baseline plasma lipids that can predict change in ABI
(ie, the difference in ABI between baseline and 5-year follow-up),
we constructed a generalized estimating equation (GEE) model,
which accounted for the relatedness among family members. In
this model, the baseline level of each lipid was the predictor, and
change in ABI was the outcome, adjusting for age, sex, body mass
index (BMI), smoking status (current smoker vs ever smoker vs
nonsmoker), alcohol use (yes/no), hypertension (yes/no), diabetes
(yes/no), estimated glomerular filtration rate (eGFR), use of lipid-
lowering medication (yes/no) at baseline, and baseline ABI. We
excluded participants with prevalent PAD at baseline from this
analysis.

To assess whether the identified lipids improved the prediction of
PAD risk beyond known clinical factors, we used data from 2
study centers (North and South Dakota and Arizona) as the train-
ing set (n = 995; 32 cases), and 1 center (Oklahoma) as the testing
set (n = 788; 65 cases). We then compared a base model including
traditional risk factors only (age, sex, BMI, smoking status, alco-
hol use, hypertension, diabetes, eGFR, and use of lipid-lowering
medication) with a model that included both traditional risk factors
and the lipids associated with change in ABI. We assessed the in-
cremental predictive value of lipids over known risk factors by
area under the receiver operating characteristic curve (AUROC)
(15).

To further examine whether plasma lipids associated with change
in ABI were also associated with incident CHD during an average
of 18-year follow-up, we constructed a frailty Cox proportional
hazards model. In this model, the baseline level of each ABI-
associated lipid was the predictor, and the time to incident CHD
event was the outcome, adjusting for the same covariates as de-
scribed above, plus LDL cholesterol, HDL cholesterol, and phys-
ical activity at baseline. The frailty term was used to account for
the relatedness among family members.
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Repeated measurement analysis
For the 1,459 participants free of prevalent CVD and PAD at
baseline and 5-year follow‐up, we constructed GEE models to ex-
amine the longitudinal association between changes in lipid spe-
cies (difference in the relative abundance of each lipid) and change
in ABI between 5-year follow-up and baseline. In the model,
change in ABI was the outcome, and change in the relative abund-
ance of a lipid was the predictor. The model adjusted for age, sex,
BMI,  smoking status  (current  smoker  vs  ever  smoker  vs
nonsmoker), alcohol use (yes/no), hypertension (yes/no), eGFR,
diabetes (yes/no), and use of lipid-lowering medication (yes/no) at
baseline, as well as changes in continuous variables (ie, age, BMI,
eGFR) and baseline lipid. The associations between changes in
lipids and change in cardiometabolic factors, including BMI,
systolic and diastolic blood pressure, eGFR, fasting blood plasma
glucose, insulin, and insulin resistance, were similarly examined.

Cross-sectional association analysis
To identify lipids that are cross-sectionally associated with ABI at
each point (baseline or 5-year follow-up), we constructed GEE
models in which ABI was the outcome and the plasma level of
each lipid was the predictor, adjusting for age, sex, BMI, smoking
status (current smoker vs ever smoker vs nonsmoker), alcohol use
(yes/no), hypertension (yes/no), eGFR, diabetes (yes/no), and
lipid-lowering medication (yes/no). This analysis was conducted
separately by using data collected at baseline or 5-year follow-up.
Results from both points were then combined by fixed-effects
meta-analysis.

Sensitivity analysis
To evaluate the robustness of our results, we conducted the fol-
lowing sensitivity analyses. First, to examine the potential effect
of bulk lipids (ie, HDL cholesterol, triglycerides) and physical
activity on our results for change in ABI or ABI at each point, we
additionally adjusted for these variables in the models. Second, to
examine whether sex modulated the association between lipid spe-
cies and ABI or change in ABI, we further included an interaction
term (lipid × sex) in the model. Third, to examine whether the in-
clusion of symptomatic participants or the potential effect of PAD
symptoms affected our results, we performed additional analyses.
First, we excluded participants who reported symptoms indicative
of PAD from the models. We excluded 423 symptomatic parti-
cipants from the prospective association analysis, 338 from the re-
peated measurement analysis, and 460 from the cross-sectional
analysis. Second, we adjusted for PAD symptoms in the models.

Results
The mean age of participants was 40.1 years at baseline and 44.9
years at follow-up (Table). The median ABI was 1.1 at baseline

and 1.2 at follow-up, respectively. Most participants had an ABI
within the normal range (0.9 ≤ ABI ≤ 1.4) at both baseline (1,828
of 1,886; 96.9%) and follow-up (1,652 of 1,759; 93.9%). Among
the 1,828 participants free of PAD at baseline, 97 participants
(5.3%) developed incident PAD during an average 5-year follow-
up.

Baseline lipids predict change in ABI beyond known
clinical factors

We identified 358 lipids (143 known) significantly associated with
change in ABI at P < .05. After correction for multiple testing, 120
lipids  (46  known:  13  triacylglycerols  [TAGs],  10  phos-
phatidylcholines [PCs], 9 phosphatidylethanolamines [PEs], 6
phosphatidylinositols [PIs], 3 sphingomyelins [SMs], 2 diacylgly-
cerols [DAGs], fatty acid [FA{22:0}], fatty acid ester of hydroxy
fatty acid [FAHFA {18:0/3:0}], and cholesterol, were signific-
antly associated with change in ABI at Q <.05. Of the 46 known
lipids, higher baseline levels of the following 37 lipids — 13
TAGs, 8 PCs, 6 PIs, 6 PEs, 2 DAGs, FA(22:0), and FAHFA(18:0/
3:0) — were positively associated with change in ABI (regression
coefficient [β] = 0.03–0.08). In contrast, higher baseline levels of
9 lipids (3 PEs, 3 SMs, 2 PCs, and cholesterol) were inversely as-
sociated with change in ABI (β, −0.05 to −0.07) (Figure 1).

Figure 1. Baseline plasma lipid species associated with change in ABI (Q
< .05). Lipids significantly associated with incident CHD are highlighted in
blue. “A” or “B” in name of lipids indicates isomers. Abbreviations: ABI,
ankle-brachial index; CHD, coronary heart disease; DAG, diacylglycerol;
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eGFR, estimate glomerular filtration rate; HR, hazard ratio; FA, fatty acid;
F A H F A ,  f a t t y  a c i d  e s t e r  o f  h y d r o x y  f a t t y  a c i d ;  L P C ,
lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC,
p h o s p h a t i d y l c h o l i n e ;  P E ,  p h o s p h a t i d y l e t h a n o l a m i n e ;  P I ,
phosphatidylinositol; SM, sphingomyelin; TAG, triacylglycerol.

Addition of the top 9 of 46 lipids associated with change in ABI,
namely FA(22:0), FAHFA(18:0/3:0), LPC(16:1), PI(16:0/20:4),
PI(18:1/18:2) B, PI(18:0/18:2), PI(18:0/20:3) B, SM(d43:1) B, and
LPE(20:3), significantly improved risk prediction for PAD over
clinical factors (AUROC increased from 0.529 to 0.568, P = .04)
(Figure 2).

Figure 2. Incremental value of the identified plasma lipids associated with
change in ABI for PAD risk prediction. Data used from 2 study centers
(North and South Dakota and Arizona) as training set (n = 995, 32 cases),
used for model training, and 1 center (Oklahoma) as the testing set (n =
788, 65 cases), used to test classification performance. Model 1 (blue
line): traditional risk factors only, including age, sex, body mass index,
smoking status, alcohol use, hypertension, diabetes, eGFR, and lipid-
lowering medication use at baseline. Model 2 (red line): clinical factors 
plus 9 lipids significantly associated with change in ABI. Compared with
Model 1, additional inclusion of plasma lipids (Model 2) significantly
increased risk prediction for PAD; P value for increase in AUROC = .04.
Abbreviations: ABI, ankle-brachial index; AUROC, area under the receiver
operating characteristic curve; eGFR, estimated glomerular filtration rate,
PAD, peripheral artery disease.

ABI-related lipids associated with incident CHD

Ninety study participants developed incident CHD during an aver-
age of 18 years of follow-up. Of the 46 known lipids whose
baseline levels are associated with change in ABI during 5-year
follow-up, baseline levels of 4 lipids were also significantly asso-
ciated with risk of CHD at P <.05, after adjusting for age, sex,

BMI, smoking, alcohol use, diabetes, hypertension, eGFR, LDL
cholesterol, HDL cholesterol, physical activity, and use of lipid-
lowering medication at baseline. Specifically, higher baseline
levels of 3 known lipids, TAG(48:2), TAG(55:1), and PI(16:0/
20:4), were associated with a decreased risk of CHD (hazard ratio
[95% CI] ranged from 0.67 [0.46–0.99] to 0.76 [0.58–0.99]),
while a higher baseline level of cholesterol was associated with an
increased risk of CHD (hazard ratio [95% CI] = 1.37 [1.00–1.87])
during an average of 18-years follow-up.

Longitudinal changes in lipid species associated with
change in ABI during 5-year follow-up

After adjusting for clinical covariates, baseline ABI, and baseline
lipids, longitudinal changes in 188 lipids (61 known) were signi-
ficantly associated with change in ABI at P <.05. After correction
for multiple testing, changes in 32 lipids (7 known) remained sig-
nificant at Q <.05. Of the 7 known lipids, 6 lipids, including 3 PIs,
AC(18:2), CE(18:3), and LPE(22:5), were positively associated
with change in ABI at Q <.05, whereas change in LPC(p-18:0)/
LPC(o-18:1) was inversely associated (Figure 3). Among lipid
species associated with change in ABI, changes in most were also
associated with changes in cardiovascular risk factors.

Figure 3. Manhattan plot displaying the longitudinal associations between
change in plasma lipids and change in ABI during an average of 5-years
follow-up. The dashed lines represent significance level at P = .05 and Q =
.05. Abbreviation: ABI, ankle-brachial index.

Lipids cross-sectionally associated with ABI

At baseline, 310 lipids (128 known) were associated with ABI at P
<.05. Of the 128 known lipids, 123 lipids, including 37 TAGs, 24
PCs, 17 PEs, 14 PIs, 10 DAGs, 8 acylcarnitine (ACs), 6 FAs, 2
CERs, SM(d32:2) A, GlcCer(d14:1(4E)/20:0(2OH)) and CE(22:5)
B were inversely associated with ABI, whereas 5 lipids, including
2 PCs (LPC[20:0], LPC[o-16:0]), 2 PEs (PE[p-18:0/22:4]/PE[o-
18:1/22:4], PE[p-40:4]/PE[o-40:5] A), and PS(18:0/20:4), were
positively associated. Of these, 51 (23 known) lipids remained sig-
nificant at Q <.05.

At follow-up, 185 lipids (53 known) were associated with ABI at
P <.05. Of the 53 known lipids, 22 lipids, including 13 PCs, 3
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T A G s ,  2  P E s ,  F A ( 1 5 : 1 ) ,  A C ( 1 1 : 1 ) ,  C E R ( d 3 3 : 1 ) ,
GlcCer(d14:1[4E]/20:0[2OH]), and CE(22:5) B were inversely as-
sociated with ABI at P <.05, whereas 31 lipids, including 9 PEs, 5
PIs, 4 GlcCers, 3 ACs, 2 CEs, 3 SMs, 2 FAs, and CER(d42:2) B,
were positively associated. Of these, 39 (9 known) lipids re-
mained significant at Q <.05.

Meta-analysis combining results from both time points showed
that 14 lipids, including 7 TAGs, 3 FAs, and LPC(p-18:0)/LPC(o-
18:1), were inversely associated with ABI, whereas 2 CEs and
LPC(o-16:0) were positively associated at Q <.05 (Figure 4).

Figure 4. Top-ranked plasma lipids associated with ABI at P < .05
identified at baseline or 5-year follow-up. Lipids significantly associated
with ABI (P < .05) at baseline, at follow-up, and in the meta-analysis are
highlighted in blue. “A,” “B,” or “C” in name of lipids indicates isomers.
Abbreviations:  ABI,  ankle-brachial  index;  AC; acylcarnitine;  CE,
cholesterol ester; CER, ceramide; eGFR, estimated glomerular filtration
rate; FA, fatty acid; GlcCer, glycosylceramide; HR, hazard ratio; LPC,
lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC,
p h o s p h a t i d y l c h o l i n e ;  P E ,  p h o s p h a t i d y l e t h a n o l a m i n e ;  P I ,
phosphatidylinositol; SM, sphingomyelin; TAG, triacylglycerol.

Results from sensitivity analyses

Additional adjustments for clinical lipids (ie, HDL cholesterol,
triglycerides) and physical activity did not attenuate the observed
associations. We did not observe significant sex difference in the
associations of identified lipids with ABI or change in ABI. In ad-
dition, most lipids associated with change in ABI or ABI re-
mained significant even after excluding symptomatic participants
or adjusting for symptoms.

 

 

Discussion
In this first large-scale longitudinal lipidomic profiling of subclin-
ical PAD, assessed by change in ABI, among American Indians,
we had several significant findings. First, we found that baseline
levels of multiple lipid species (eg, glycerophospholipids, glycer-
olipids, FAs, and SMs) were significantly associated with change
in ABI beyond traditional risk factors. Some identified lipids (ie,
TAG(48:2), TAG(55:1), PI(16:0/20:4), and cholesterol) were also
significantly associated with risk of CHD during an average of 18-
years follow-up. Second, our repeated measurement analysis
showed, for the first time, that longitudinal changes in several lip-
id species (ie, ACs, CEs, glycerophospholipids) were significantly
associated with change in ABI, independent of clinical factors,
baseline ABI, and baseline lipids. Third, cross-sectional analysis
showed that altered levels of ACs, FAs, glycerophospholipids (ie,
PCs, PEs, PIs), and TAGs were significantly associated with ABI
among American Indians. Together, our results could shed light on
lipidomic markers associated with subclinical PAD and deepen
our understanding of how dyslipidemia may contribute to the de-
velopment of PAD.

We observed that higher baseline levels of most glycerophosphol-
ipids (ie, PCs, PEs, PIs) were positively associated with change in
ABI in American Indians. Moreover, longitudinal changes in gly-
cerophospholipids were significantly associated with cardiometa-
bolic traits such as BMI, blood pressure, fasting blood plasma
glucose, and insulin resistance. These findings are in line with pre-
vious epidemiologic studies demonstrating that some glycerophos-
pholipids, such as PC(32:1), PC(32:3), PC(36:4), and LPC(16:1),
were inversely associated with risk of PAD (16) and CHD (17) in
non-Hispanic White and Asian people.

Glycerophospholipids, such as PCs, PEs, and PIs, are key com-
ponents of apolipoprotein B (ApoB)-containing lipoproteins.
These lipids are essential in maintaining membrane structure,
fluidity, and cell signaling, and they regulate pathways involved in
inflammation and oxidative stress (18). Alterations in the levels of
PCs, PEs, and PIs can influence the size, density, and atherogenic
potent ia l  of  l ipoproteins  such  as  LDL  choles terol  and
lipoprotein(a) (Lp[a]), contributing to increased CVD risk. Spe-
cifically, PCs can be hydrolyzed by lipoprotenin-associated phos-
pholipase A2 (Lp-PLA2), producing lysophosphatidylcholine
(LPC) and oxidized FAs (19). LPC is further converted into lyso-
phosphatidic acid (LPA) by autotaxin, which is often elevated in
people with high Lp(a) levels (20). Elevated Lp(a) levels are asso-
ciated with increased LPA levels (21), promoting vascular inflam-
mation and oxidative stress, contributing to atherosclerotic plaques
and PAD (20). Disrupted PE metabolism can induce oxidative
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stress and endothelial dysfunction in arterial walls, exacerbating
vascular pathologies (18). Dysregulation of the PI signaling path-
way can result in endothelial dysfunction and increased vascular
inflammation, both of which are key factors in the development of
PAD (22).

Statin therapy, the most widely recognized cholesterol-lowering
treatment for managing CVD, including PAD, can influence gly-
cerophospholipid levels. For instance, previous studies (23,24)
showed that statins altered key lipid species such as PC(36:4) and
PI(18:0/18:2), both of which are involved in lipoprotein metabol-
ism and cardiovascular risk. Notably, the ratio of PI(18:0/18:2) to
PC(38:4) explained 58% of the relative CVD risk reduction asso-
ciated with pravastatin during a 12-month follow-up, independent
of change in LDL cholesterol (23). Our study supports this find-
ing, as we observed that higher baseline level of PI(18:0/18:2) was
positively associated with change in ABI. This finding aligns with
a previous study (25) identifying PI(18:0/18:2) as a predictor of
statin response in patients with familial hypercholesterolemia.
These results highlight the potential of monitoring specific lipid
species, such as PCs and PIs, as biomarkers for statin efficacy in
the management of PAD.

Besides glycerophospholipids, we also found that higher baseline
levels of certain long- chain glycerolipids (eg, TAGs, DAGs),
which have a higher number of carbon atoms and fewer double
bonds, were positively associated with change in ABI, suggesting
a protective role against subclinical PAD. This aligns with previ-
ous research demonstrating that elevated levels of long-chain un-
saturated glycerolipids (eg, TAG [48:2], TAG[55:1], DAG[36:1])
were associated with a reduced risk of CHD (17) in multiple popu-
lations. Moreover, we observed novel associations, including 2
lipids (ie, TAG[48:2], TAG[55:1]) that demonstrated a protective
effect on subclinical PAD and were also associated with a de-
creased risk of CHD. Conversely, our cross-sectional analysis
found that some TAGs with a higher number of carbon atoms and
double bonds (eg, TAG[56:5] C, TAG[55:5]/TAG[17:0/18:1/
20:4]) showed an inverse association with ABI. This observation
is supported by previous studies reporting that 2 TAGs (ie,
TAG[56:5] C and TAG[55:5]) were positively associated with the
risk of diabetes in Asian (26) and non-Hispanic White people (27).
These results suggest that the composition of specific TAG sub-
types may have differential associations with PAD. Further invest-
igation is warranted to validate these findings and deepen our un-
derstanding of these associations.

Our findings that baseline levels of SMs were inversely associ-
ated with change in ABI corroborate previous studies reporting
that higher plasma levels of SMs were associated with an in-
creased risk of atherosclerotic plaque (28) and CHD (29). As the
predominant sphingolipids in mammalian cell membranes, SMs

are crucial for signal transduction, apoptosis, regulation of inflam-
mation, and the oxidative stress response (30). The transformation
of sphingomyelin to ceramide in LDL cholesterol by sphingomy-
elinase, which triggers ceramide aggregation, could represent an
early stage in the development of atherosclerosis (31).

Our repeated measurement analysis revealed, for the first time, the
association between longitudinal changes in plasma lipidome and
change in ABI, independent of clinical covariates, baseline ABI,
and baseline lipids. Specifically, changes in ACs, CEs, and gly-
cerophospholipids (eg, PCs, PEs, PIs) were associated with change
in ABI as well as changes in cardiovascular risk factors. Besides
the contributions of glycerophospholipids to the change in ABI,
changes in several lipid classes, such as ACs and CEs, were also
associated with changes in multiple cardiometabolic traits. ACs,
which are esters formed by carnitine and fatty acids, serve as
transporters that move activated long-chain FAs into mitochon-
dria for β-oxidation, an essential process for cellular energy pro-
duction (32). An excess of ACs may indicate a bottleneck in the β-
oxidation pathway, suggesting potential mitochondrial dysfunc-
tion that could contribute to the development of PAD (33). Previ-
ous studies (34) showed that plasma concentrations of unsaturated
cholesterol esters, such as CE(18:2) and CE(17:1), are elevated in
patients with intermittent claudication compared with controls.
Our study extends these findings by showing that changes in
CE(18:3) were positively associated with changes in ABI among
participants without intermittent claudication, suggesting its poten-
tial role as an early biomarker for subclinical PAD. Interestingly,
no such association with CE(18:3) was observed in symptomatic
participants in the prior studies (34). CEs serve as a storage form
of cholesterol and are the primary neutral lipids found in lipid
droplets. Their accumulation in macrophage foam cells, character-
ized by cholesterol ester-rich lipid droplets, is a key feature of ath-
erosclerosis (35). This differential association across symptomatic
and asymptomatic stages suggests the importance of exploring lip-
id biomarkers like CE(18:3) to enhance early detection and pre-
vention strategies for PAD across its clinical spectrum.

Although younger than the typical screening age for clinical PAD
(around 50 years for smokers and 70 years for nonsmokers) (1),
the American Indian population has a disproportionate share of
PAD, with nearly twice the prevalence compared with the non-
Hispanic White population (36). This elevated prevalence is
largely attributed to a higher prevalence of cardiovascular risk
factors, including high rates of smoking (>40% were current
smokers), obesity (55% at baseline, 60% at follow-up), and dia-
betes (17.9% at baseline, 23.4% at follow-up). These factors accel-
erate the onset of subclinical PAD, suggesting the need for early
screening and prevention strategies in young, high-risk popula-
tions, especially in American Indians.
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Strengths and limitations

Our study has several strengths. The major strength is the longit-
udinal profiling of plasma lipidome in a large, community-based
prospective cohort. To our knowledge, our study is the first and by
far the largest longitudinal study examining the relationship
between change in plasma lipidome and change in ABI across any
racial or ethnic group. Second, we used an untargeted lipidomic
approach, quantifying more than 1,500 distinct lipid species across
14 known lipid classes in a large prospective cohort of American
Indians. While existing biomarkers such as LDL-C, Lp(a), and
ApoB are crucial, these markers, combined with other risk factors
such as hypertension and tobacco use, still explain only a small
proportion of CVD-related outcomes, including PAD, suggesting
that additional unmeasured or unknown factors could improve
early detection and prevention efforts. Lipidomics can offer a nu-
anced view by identifying individual lipid species that may not be
identified by standard lipid panels. These newly discovered lipids
offer supplementary value and could improve risk prediction bey-
ond established risk factors. Third, our statistical models adjusted
for a wide range of traditional PAD risk factors, ensuring that the
lipids identified in our study are independent of these risk factors.
If validated, these newly identified lipid species may serve as nov-
el biomarkers for PAD prediction and risk stratification. Finally,
we performed comprehensive statistical analyses, including cross-
sectional, prospective, and repeated measurement analyses, allow-
ing us to thoroughly investigate the association between lipid
metabolism and ABI in this understudied population.

However, our study has several limitations. First, although our re-
search identified numerous lipid species, many lipids are un-
known. More research is needed to further characterize these un-
known lipids if they are deemed of interest. Second, although our
statistical models adjusted for many traditional risk factors, we
cannot entirely rule out potential confounding by unknown or un-
measured factors. Third, our study included only American Indi-
ans, a population with high rates of dyslipidemia (78% among ad-
olescents and young adults vs 30% in in the same age groups in
the US overall) (37), diabetes (3-fold higher age-adjusted rate than
among the non-Hispanic White population) (38), and smoking
(>40% of adults vs 27.4% of non-Hispanic White adults) (39).
Due to these unique characteristics, our findings may not be gener-
alizable to other racial or ethnic groups with different genetic
backgrounds or environmental exposures. Fourth, due to lack of an
external cohort with a similar study design and longitudinal
lipidomic data, we could not replicate our findings in an independ-
ent cohort. However, the large sample size of the study cohort and
the identification of multiple lipid species associated with ABI us-
ing different statistical models lend credence to our findings. Fifth,
while our study identifies novel lipid biomarkers that may en-
hance early prevention of PAD, the clinical application of these

methods is limited by the emerging nature of lipidomics techno-
logy. Broader implementation in clinical practice, particularly in
resource-limited settings, will require further validation, cost-
effectiveness analyses, and technologic advancements. Finally, the
observational nature of our study precludes any inference about
the causal role of altered lipid metabolism in PAD pathogenesis.

Conclusion

In this large-scale longitudinal lipidomic analysis, we have, for the
first time, reported associations of multiple individual lipid spe-
cies with subclinical PAD, independent of traditional risk factors.
These findings enhance our understanding of the mechanism
through which dyslipidemia may contribute to PAD and provide
potential novel biomarkers for early prediction and risk stratifica-
tion in American Indians, an important but traditionally understud-
ied racial minority population.
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Table

Table. Characteristics of Study Participants in the Strong Heart Family Study at Baseline (2001–2003) and 5-Year Follow-Up (2006–2009)a

Characteristics Baseline (n = 1,886) 5-Year follow-up (n = 1,759)

Age, mean (SD), y 40.1 (13.9) 44.9 (13.4)
Female, no. (%) 1,175 (62.2) 1,103 (62.7)
Body mass index,b mean (SD) 31.8 (7.5) 32.7 (7.7)
Current smoking, no. (%) 757 (40.1) 670 (38.3)
Current drinking, no. (%) 1,182 (62.6) 1,032 (58.9)
Type 2 diabetes, no. (%) 338 (17.9) 412 (23.4)
Systolic blood pressure, mean (SD), mm Hg 122.3 (15.3) 122.6 (16.3)
Diastolic blood pressure, mean (SD), mm Hg 77.3 (10.6) 74.9 (11.1)
eGFR, mean (SD), mL/min/1.73m2 114.9 (17.5) 108.6 (19.9)
High-density lipoprotein cholesterol, median (IQR), mg/dL 49.0 (42.0–59.0) 48.0 (40.0–58.3)
Low-density lipoprotein cholesterol, mean (SD), mg/dL 101.7 (29.9) 106.2 (30.7)
Triglycerides, median (IQR), mg/dL 138.0 (99.0–195.0) 133.0 (96.5–188.0)
Total cholesterol, median (IQR), mg/dL 182.0 (162.0–205.0) 186.3 (161.0–210.0)
Ankle brachial index, median (IQR)c 1.1 (1.1–1.2) 1.2 (1.1–1.3)
Physical activity, median (IQR), steps per day 5,147.5 (3,325.2–7,516.9) 5,841.0 (3,838.0–8,087.0)
Lipid-lowering medication, no. (%) 61 (3.2) 172 (9.8)
Antihypertensive medication, no. (%) 199 (10.6) 353 (20.1)

Abbreviations: eGFR, estimated glomerular filtration rate.
a Values are as mean (SD) for normally distributed data or median (IQR) for nonnormally distributed data. Categorical variables are expressed as number
(percentage).
b Measured as weight in kilograms divided by height in meters squared.
c Ankle brachial index is the ratio of the systolic blood pressure in the ankle to the systolic blood pressure in the arm; the normal range is 0.9 to 1.4.
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