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Background: Urinary isoprostanes are markers of systemic oxidative stress, which is implicated in the
pathogenesis of atherosclerotic cardiovascular disease (ASCVD). Coronary artery calcium (CAC), thoracic
aortic calcium (TAC) and carotid plaque are measure subclinical atherosclerosis and prognosticate ASCVD
risk. We examined the associations between urinary isoprostane levels and measures of plaque preva-
lence, burden, incidence and progression across three vascular beds in a cohort from the Multi-Ethnic
Study of Atherosclerosis.
Methods: Urinary levels of 8-isoprostane and 2,3-dinor-8-F2-isoprostane were measured in 1089 par-
ticipants (mean ± SD 62 ± 8 years, 48% women) at baseline. Participants underwent computed to-
mography for CAC and TAC, and duplex ultrasound for carotid plaque. TAC and CAC were reassessed at
2.4 and 10 years, respectively. Regression models were adjusted for CVD risk factors.
Results: In adjusted models, there were no significant associations between isoprostane levels with CAC
prevalence or progression. Highest versus lowest tertile of 8-isoprostane was associated with 28% lower
prevalence of descending TAC at baseline [prevalence ratio (PR) 0.72 95% CI (0.56, 0.94)], while 1-SD
higher 2,3-dinor-8-F2-isoprostane was associated with 96% higher incident ascending TAC at follow-up
[Relative Risk 1.96 (1.24, 3.09)]. Highest versus lowest tertile of isoprostane measures were associated
with 22% higher prevalence of carotid plaque [(PR 1.22 (1.04, 1.45)] and 14% difference [3,26] in greater
extent of carotid plaque at baseline.
Conclusions: Higher urinary isoprostanes were inconsistently associated with some measures of sub-
clinical atherosclerosis by imaging. This suggests a limited role of urinary isoprostane levels as a prog-
nostic marker for the development of ASCVD.
Trial registration: The MESA cohort design is registered at clinicaltrials.gov as follows: https://
clinicaltrials.gov/ct2/show/NCT00005487.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Flowchart of study participants for CT analysis (CAC and TAC).
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Introduction

Atherosclerotic cardiovascular disease (ASCVD) remains the
leading cause of mortality and morbidity globally [1]. Given the
systemic nature of ASCVD, multiple vascular beds can be affected.
The development of subclinical atherosclerotic disease indepen-
dently increases the risk of ASCVD events. For example, coronary
artery calcium (CAC) scores and their progression have been well
established to predict future CVD as well as both all cause and
cardiovascular mortality [2e5]. Similarly, carotid plaque has been
shown to predict cerebrovascular events such as stroke and tran-
sient ischemic attacks [6], even among individuals with CAC scores
of zero [7]. Additional areas of extra-coronary calcium, such as
calcification of the thoracic aorta and aortic arch, can also serve as
predictors for the development of coronary artery disease and have
a well described association with increased risk for stroke, cardio-
vascular mortality, and all-cause mortality [8e13]. While coronary
plaque and extra-coronary atherosclerosis share many risk factors
in common, they differ somewhat in terms of associated ASCVD risk
and each provides incremental value for risk stratification [14e16].

Although the traditional risk factors for atherosclerotic disease
are well defined, the role that systemic oxidative stress plays and
our ability to quantify levels of oxidative stress are not as well
established. Oxidative stress is defined by an imbalance between
reactive oxygen species (ROS) and antioxidants, in which excess
ROS can lead to endothelial injury and dysfunction [17]. Increased
ROS production by macrophages reflects higher oxidative stress
levels within plaque and is associated with plaque instability and
progression [18]. Traditional cardiovascular disease (CVD) risk
factors such as cigarette smoking, hypertension, diabetes, and
hyperlipidemia are also implicated in ROS production [19].

These relationships between oxidative stress and the patho-
genesis of ASCVD suggests that markers of systemic oxidative stress
may have a role in predicting both coronary and extra-coronary
plaque development and progression even after adjusting for
traditional CVD risk factors. F2-isoprostanes, which are a prosta-
glandin like compound, are produced when ROS interact with
arachidonic acid [20]. Their measurement therefore allows for
quantification of the body's oxidative stress levels.

To help further elucidate the relationship between oxidative
stress and atherosclerotic plaque progression across vascular beds,
we examined the associations of the urinary isoprostanes 8-
isoprostane (iPF2a-III) and its metabolite 2,3-dinor-8-F2-iso-
prostane (iPF2a-III-M) with subclinical atherosclerotic disease
within three different vascular beds in a cohort of men and post-
menopausal women from theMulti-Ethnic Study of Atherosclerosis
(MESA).

Design and methods

Study population

TheMulti-Ethnic Study of Atherosclerosis (MESA) enrolled 6,814
participants of White, Black, Hispanic and Chinese American race/
ethnicity, ranging in age from 45 to 84 years old at the baseline
exam in 2000e2002 [21]. The study centers include Baltimore
County, Maryland; Chicago, Illinois; Forsyth County, North Car-
olina; New York, New York; Los Angeles County, California; and St
Paul, Minnesota.

As part of an ancillary study [22,23], a subset (n ¼ 1,289) of
MESA participants free of CVD had urinary isoprostane levels
measured from stored samples from the baseline exam and were
included in this study population (Fig.1). The sampling selection for
this subcohort has been previously described [22e24]. It included
men and post-menopausal women who had sex hormone levels
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measured at baseline and had cardiac magnetic resonance imaging
at baseline and at 10-years as part of on-going work to understand
sex differences in risk for heart failure with preserved ejection
fraction [22,23]. For this analysis using the urinary isoprostane
data, pre-menopausal women were excluded due to their small
number (the sampling was intended to include only post-
menopausal women by design) and those with reduced esti-
mated glomerular filtration rate (eGFR) < 60 mL/min/1.73 m2

because the urinary isoprostane values are indexed to urinary
creatinine. Additionally, participants with insufficient urine for
isoprostane measurement or who had missing covariates in our
fully-adjusted model (model 3) were excluded. This left a final
sample size of 1,089 for analysis for the computed tomography (CT)
related measures (Fig. 1).
Measurement of Exposure variables

Questionnaires at baseline exam were used to determine in-
formation about age, sex, race/ethnicity, medical history, physical
activity and smoking status. Smoking status was defined as either
never smoking a cigarette, current cigarette use or past cigarette
use, and pack year history was obtained as well for those with any
history of cigarette use. Physical activity accounted for the fre-
quency and intensity of the activity to calculate the estimated
metabolic minutes per week by the study participants. Diabetes
was defined as a fasting glucose greater or equal to 126 mg/dL or
being on treatment for diabetes. Level of education was defined as
either a high school level of education, some degree of college
education or obtaining a college degree or higher. Body mass index
(BMI) and blood pressure were measured by trained staff. BMI was
calculated as weight in kilograms divided by height in meters
squared (kg/m2). Blood pressures were measured using a Dinamap
model Pro 100 3 times in the seated position, and then the last two
measurements were averaged and used in analysis. Hypertension
was defined as a systolic blood pressure greater or equal to
140 mmHg, or a diastolic blood pressure greater or equal to



Fig. 2. Flowchart of study participants for carotid plaque analysis.
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90 mmHg, or use of an antihypertensive medication. eGFR was
calculated using the Chronic Kidney Disease Epidemiology Collab-
oration (CKD-Epi) formula [25].

Total cholesterol and high density lipoprotein cholesterol (HDL-
C) were measured from serum samples.

Urinary isoprostanes

Urinary isoprostane levels of 8-isoprostane (iPF2a-III) and its
metabolite 2,3-dinor-8-isoprostane (iPF2a-III-M) were measured
from urine samples at exam 1 (2000e2002). Samples underwent
Mixed Anion Exchange-Solid Phase Extraction (MAX-SPE) for sub-
sequent measurement of F2-isoprostanes by gas chromatography
(GC-MS-NCI) as previously described [24,26]. Urinary isoprostanes
were indexed to urinary creatinine measured using Jaffe rate
method, to account for differences in urine concentration [27].

Measures of atherosclerosis

For this analysis, we examined the association of urinary iso-
prostanes with the presence and progression of plaque across three
vascular beds: the coronary arteries (measured by CAC), the carotid
arteries (measured by the carotid plaque score (CPS)), and the
thoracic aorta (measured by thoracic aortic calcification (TAC)).

Coronary artery calcification
All participants received an electrocardiography (ECG)-gated

cardiac CT scan at baseline exam 1 (2000e2002). During exam 5,
which occurred about 10 years later (2010e2012), participants
underwent repeat ECG-gated cardiac CT scan. CAC was measured
by Agatston scoring. A CAC score of >0 at baseline indicated prev-
alent disease, and a CAC score >0 at follow-up among those with
baseline scores of zero indicates incident disease.

Thoracic aortic calcification
TAC was also measured from the baseline cardiac CT scans

(2000e2002). Although these scans were originally performed for
assessment of CAC scoring, they were subsequently over-read for
measurement of ascending (ATAC) and descending (DTAC) thoracic
aortic calcification, measured by Agatston scoring [28e30]. The
ascending thoracic aorta was defined as the portion of the aorta
from the aortic root up until the takeoff of the brachiocephalic ar-
tery. The descending thoracic aorta was defined as the portion of
the aorta from the left subclavian artery until the aortic hiatus of
the diaphragm. A TAC score of 0 by Agatston scoring represented
absence of disease at baseline, while baseline scores greater than
0 was used to determine baseline prevalence of disease. In addition
to cardiac CT scan at baseline exam 1, participants also underwent
repeat CT scan at an average of 2.4 years later during exams 2 or 3
timepoint (2002e2005). These CT scans were also over-read for
TAC measurement. A TAC score >0 at follow-up among those with
baseline scores of zero indicates incident disease.

Although CAC was measured again on a CT scan performed at
exam 5 at 10-year follow-up, TAC has not yet been measured from
those latter CT scans and only 2.4 year follow-up for TAC progres-
sion is available.

Carotid plaque scoring
A subset of participants underwent a carotid ultrasound at exam

1 (2000e2002). The overlap of participants with carotid ultrasound
and urinary isoprostane measurement is different than for the CT
scanning and is shown in Fig. 2 (n ¼ 831). Carotid plaque was
defined as a discrete, focal carotid wall thickening of �1.5 mm or
focal thickening of at least 50% greater than the surrounding carotid
intima media thickness [6,7]. The carotid plaque score (CPS) was
15
then determined by the number of carotid plaques found in the
internal, bifurcation and common segments of both carotid arteries.
One point per plaque was allocated for the far and near walls of
each of these carotid artery segments. The score's value ranged
from 0 to 12.

Covariates

Covariates of interest were collected at the baseline exam
through questionnaires, physical exam, and laboratorymeasures, as
described previously [21]. Our study population was characterized
with respect to baseline covariates, which included: age, sex, race/
ethnicity, MESA center, BMI, education, smoking status, smoking
pack-years, physical activity, systolic blood pressure, use of anti-
hypertensive medications, history of diabetes, total cholesterol,
HDL-C, use of lipid lowering medications, and eGFR.

Statistical analysis

We examined the outcomes of the three plaque measures (CAC,
TAC, and CPS) separately. Poisson regression models with robust
variance estimation were used to determine prevalence ratio (PR)
for respective plaque scores >0 at baseline associated with iso-
prostane tertiles and per 1 standard deviation (SD) increment in
isoprostane level. Relative risk (RR) ratios were derived from
Poisson regression models with robust variance estimation for
analysis of incident plaque score >0.

As has been done previously [29e31], we also examined pro-
gression in the plaque scores using multivariable-adjusted mixed-
effects linear regression models to estimate cross-sectional and
longitudinal associations between baseline isoprostane levels with
baseline plaque extent and plaque progression. Given a high
prevalence of plaque scores of 0, natural log of (plaque score þ1)
was used for these analyses. The beta-coefficients from the
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regressionmodels were then exponentiated using the formula [Exp
(b) �1] *100 to present the percent difference of plaque extent.
These mixed effect analyses allowed baseline and longitudinal
changes in plaque scores to be accounted for from all available time
points.

For analyses for all three vascular beds, progressively adjusted
models were used as follows:

Model 1: adjusts for age, sex, race/ethnicity, education, study
center, and time between scans.

Model 2: adjusts for Model 1 þ BMI, physical activity, smoking,
and pack-years of smoking.

Model 3: adjusts for Model 2 þ systolic blood pressure, use of
antihypertensive medications, total cholesterol, HDL-C, use of lipid
lowering medications, diabetes and eGFR.

Results

Study characteristics

The mean age (SD) of the 1,089 participants was 62 [8] years, of
whom 48% were women, and 30% White, 17% Chinese-American,
30% Black, 24% Hispanic race/ethnicity. Full characteristics of
study participants at baseline are listed in Table 1. The median (IQR)
level of urinary 2, 3-dinor-8-F2-isoprostane was 3.1 (1.6, 5.9) ng/mL
overall, and by tertiles was as follows: Tertile 1: 1.2 (0.7, 1.6) ng/ml,
Tertile 2: 3.1 (2.5, 3.8) ng/ml, Tertile 3: 8.0 (5.9, 12.1) ng/ml. Par-
ticipants with higher urinary isoprostane levels were more likely to
be non-White race/ethnicity, have lower education, be current
smokers, and have higher BMI.

Isoprostanes and TAC

Prevalent TAC was as follows: ATAC: 26/1089 (2.4%) and DTAC:
246/1089 (22.6%). Incident TAC was as follows: ATAC: 13/999 (1.3%)
and DTAC: 90/796 (11.3%).

In cross-sectional analysis, there was no statistically significant
association of isoprostanes with prevalent ATAC at baseline. How-
ever, there was a significant association between higher 8-
isoprostane levels and 28% lower prevalence of DTAC at baseline
in fully adjusted model for the highest tertile compared to the
lowest (PR 0.72, 95% CI [0.56e0.94], Model 3, Table 2), which was
contrary to expectation. Conversely, the metabolite, urinary 2,3-
dinor-8-F2-isoprostane, was significantly associated with ATAC
progression over a median of 2.4 years [RR 1.96 (1.24, 3.09)] per 1
SD increment (Model 3, Table 3). There was no significant associ-
ation of isoprostane levels with TAC extent at baseline (Table 4) or
progression over follow-up (Table 5) in the fully adjusted model
(Model 3).

Isoprostanes and CAC

Prevalent CAC was found in 512/1089 (47.0%) individuals and
incident CAC was seen in 217/448 (48.4%) individuals. There was a
weak association between higher 8-isoprostane and lower preva-
lence of CAC at baseline, but this association did not remain when
adjusted by additional covariates in the fully adjusted model 3 (PR
0.95, 95% CI [0.89e1.00], per 1 SD increment, Supplemental
Table S1). There was no significant association of the metabolite,
2,3-dinor-8-F2-isoprostane, with CAC presence at baseline. There
was no statistically significant association of either isoprostane
with incident CAC at the 10-year follow-up (Supplemental
Table S2). There was also no significant association of either iso-
prostane with CAC extent at baseline (Supplemental Table S3) or
with CAC progression at follow-up (Supplemental Table S4).
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Isoprostanes and carotid plaque

Prevalent carotid plaque was seen 402/831 (48.4%) individuals.
For cross-sectional analysis of carotid plaque prevalence, there was
a statistically significant association between the 3rd tertile of 8-
isoprostane, compared to the 1st tertile, with baseline prevalence
of carotid plaque in the fully adjusted model [PR 1.22, 95% CI 1.04,
1.45], model 3, Table 6). However, therewas no associationwith the
metabolite urinary 2,3-dinor-8-F2-isoprostane and carotid plaque
presence (yes vs no). For baseline burden of carotid plaque, there
was a statistically significant association between both isoprostane
measures and baseline CPS (8-isoprostane of 14%, 95% CI [3, 26] and
2,3-dinor-8-F2-isoprostane of 13%, 95% CI [2, 25]), in the fully
adjusted model 3, Table 7.

Discussion

In this multi-ethnic sample of individuals free of clinical CVD,
elevated levels of urinary isoprostanes, a marker of oxidative stress,
showed inconsistent associations with various measures of sub-
clinical atherosclerotic plaque across three vascular beds. We found
that higher isoprostane levels were associated with lower preva-
lence of DTAC, which is contradictory to our hypothesis, but did find
higher isoprostane levels to be associated with higher incidence of
ATAC and higher baseline burden of carotid plaque. These results
raise many questions regarding the utility of isoprostanes as a
biomarker for oxidative stress, and the role oxidative stress plays in
the pathogenesis of ASCVD. It may be that single measures of uri-
nary isoprostanes are insufficient to capture risk related to plaque
presence and progression.

Oxidative stress profile

The data evaluating the role oxidative stress plays in the
development of ASCVD are ever expanding, and the effect of
traditional risk factors of ASCVD on levels of oxidative stress are
already well established. Smoking, dyslipidemia and uncontrolled
diabetes have all been shown to be associated with higher iso-
prostane levels, and therefore oxidative stress [32e35]. Previous
studies have also shown increased urinary isoprotane levels being
associated with increased mortality despite finding no association
with CAC or carotid plaque measures [36].

However, in our study we were able to demonstrate significant,
although occasionally weak, associations between isoprostanes and
development of subclinical ASCVD in the form of greater ATAC
incidence and progression but lower prevalence of DTAC, as well as
greater carotid plaque prevalence and burden at baseline. The
finding of lower baseline DTAC prevalence is not consistent with
the overall association of higher isoprostane levels with greater
ASCVD measurements. Taken together, these findings may suggest
that urinary isoprostane levels may not be helpful for prognosti-
cating ASCVD risk. Some individuals may have higher baseline
levels of oxidative stress that are unrelated to currently understood
risk factors. An underlying genetic predisposition for higher
oxidative stressmight explain these differences, but current studies
are limited [37]. Perhaps repeated measures of isoprostane levels
might integrate risk better, but we were unable to test that hy-
pothesis. Further studies are needed to determine whether iso-
prostane levels may be useful in ASCVD risk stratification,
especially in higher risk patients.

Given the role oxidative stress places in the etiology of ASCVD,
reducing oxidative stress is a potential target for pharmacotherapy.
Current therapies for atherosclerotic disease such as icosapent
ethyl (eicosapentaenoic acid, EPA) reduce isoprostane levels, with
the data being more inconsistent for statins [38,39]. Our study



Table 1
Baseline characteristics of study participants by 2, 3-dinor-8-F2-isoprostane tertiles.

N Total Tertile 1 Tertile 2 Tertile 3 p-value

1,089 363 363 363

8-Isoprostane, ng/ml 1.3 (0.7, 2.3) 0.6 (0.4, 1.1) 1.2 (0.8, 1.9) 2.5 (1.5, 3.7)
Age, years 62 (8) 62 (8) 62 (9) 62 (8) 0.84
Male 561 (52%) 174 (48%) 193 (53%) 194 (53%) 0.25
Race/Ethnicity
White 325 (30%) 126 (35%) 117 (32%) 82 (23%)
Chinese-American 180 (17%) 90 (25%) 56 (15%) 34 (9%) <0.001
Black 327 (30%) 79 (22%) 113 (31%) 135 (37%)
Hispanic 257 (24%) 68 (19%) 77 (21%) 112 (31%)

Education
<High school 180 (17%) 60 (17%) 53 (15%) 67 (18%)
High school, technical school, or associate degree 487 (45%) 138 (38%) 159 (44%) 190 (52%) <0.001
College, graduate or professional school 422 (39%) 165 (45%) 151 (42%) 106 (29%)

Smoking
Never 606 (56%) 194 (53%) 217 (60%) 195 (54%) <0.001
Former 364 (33%) 143 (39%) 112 (31%) 109 (30%)
Current 119 (11%) 26 (7%) 34 (9%) 59 (16%)

Pack-years of smoking>0 14 (6, 31) 13 (5, 28) 17 (6, 35) 14 (6, 32) 0.16
BMI, kg/m2 28 (5) 27 (4) 28 (4) 29 (5) <0.001
Physical activity, met-min/week 4290 (2130, 7800) 4230 (2175, 7245) 4140 (2070, 7590) 4470 (2130, 8670) 0.14
Systolic BP, mm Hg 125 (20) 126 (22) 125 (19) 125 (19) 0.37
Antihypertension medication 352 (32%) 114 (31%) 123 (34%) 115 (32%) 0.74
Total cholesterol, mg/dl 196 (37) 196 (35) 197 (39) 194 (36) 0.58
HDL cholesterol, mg/dl 50 (14) 51 (14) 51 (15) 49 (13) >0.05
Lipid lowering medication 185 (17%) 60 (17%) 61 (17%) 64 (18%) 0.92
Diabetes 112 (10%) 33 (9%) 42 (12%) 37 (10%) 0.55
eGFR, mL/min/1.73 m2 80 (13) 80 (12) 81 (13) 80 (13) 0.89

Data were presented as mean (SD) or number (percentage) or median (IQR).
To convert Total or HDL cholesterol from mg/dl to mmol/L, divide by 38.67.

Table 2
Prevalence ratio for TAC >0 at baseline.

Model 1 Model 2 Model 3

ATAC

8-isoprostane
1st tertile Reference Reference Reference
2nd tertile 1.28 (0.55, 2.97) 1.32 (0.61, 2.89) 1.70 (0.74, 3.87)
3rd tertile 0.53 (0.18, 1.55) 0.54 (0.18, 1.58) 0.65 (0.22, 1.92)
Per 1SD log-transformed increase 0.80 (0.57, 1.12) 0.81 (0.59, 1.11) 0.84 (0.63, 1.13)

2,3-dinor-8-F2-isoprostane
1st tertile Reference Reference Reference
2nd tertile 0.91 (0.40, 2.11) 1.17 (0.49, 2.78) 1.03 (0.41, 2.55)
3rd tertile 0.77 (0.31, 1.91) 0.71 (0.26, 1.92) 0.75 (0.29, 1.93)

Per 1SD log-transformed increase 0.79 (0.51, 1.23) 0.81 (0.51, 1.29) 0.84 (0.52, 1.34)

DTAC

8-isoprostane
1st tertile Reference Reference Reference
2nd tertile 0.84 (0.66, 1.05) 0.83 (0.66, 1.04) 0.87 (0.69, 1.09)
3rd tertile 0.72 (0.55, 0.93) 0.68 (0.52, 0.89) 0.72 (0.56, 0.94)

Per 1SD log-transformed increase 0.93 (0.84, 1.03) 0.92 (0.83, 1.01) 0.95 (0.86, 1.04)

2,3-dinor-8-F2-isoprostane
1st tertile Reference Reference Reference
2nd tertile 0.87 (0.68, 1.11) 0.85 (0.67, 1.08) 0.86 (0.68, 1.09)
3rd tertile 0.90 (0.70, 1.17) 0.89 (0.69, 1.16) 0.94 (0.73, 1.21)

Per 1SD log-transformed increase 0.96 (0.86, 1.07) 0.95 (0.85, 1.06) 0.97 (0.87, 1.09)

Abbreviations: ATAC, ascending thoracic aorta calcification; TAC, thoracic aorta calcification; DTAC, descending thoracic aorta calcification.
Prevalence ratios were derived from Poisson regression models with robust variance estimation.
Statistically significant results at p < 0.05 are in bold font.
Model 1: adjusts for age, sex, race/ethnicity, education and study center.
Model 2: adjusts for Model 1 þ BMI, physical activity, smoking and pack-years of smoking.
Model 3: adjusts for Model 3 þ systolic blood pressure, use of antihypertensive medications, total cholesterol, HDL-C, use of lipid lowering medications, diabetes and eGFR.
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shows that isoprostanes and their metabolites have complex as-
sociations with markers of ASCVD. Currently, the clinical benefit of
targeting oxidative stress in treating and preventing ASCVD re-
mains unclear.
17
Lack of significance with CAC measures

Our findings showed a lack of statistical significance between
urinary 8-isoprostane and its metabolite with any measurement of



Table 3
Relative risk of incident TAC >0 at Exam 2/3 (2002e2005) among participants with TAC ¼ 0 at baseline.

Model 1 Model 2 Model 3

ATAC

8-isoprostane
1st tertile Reference Reference Reference
2nd tertile 1.68 (0.38, 7.50) 1.73 (0.37, 8.05) 2.47 (0.46, 13.38)
3rd tertile 1.75 (0.40, 7.58) 1.21 (0.28, 5.17) 1.84 (0.46, 7.37)

Per 1SD log-transformed increase 1.21 (0.73, 1.99) 1.01 (0.66, 1.55) 1.11 (0.77, 1.61)

2,3-dinor-8-F2-isoprostane
1st tertile Reference Reference Reference
2nd tertile 1.90 (0.38, 9.57) 1.43 (0.26, 7.94) 1.32 (0.20, 8.80)
3rd tertile 3.56 (0.71, 17.80) 2.59 (0.54, 12.46) 3.67 (0.90, 14.94)

Per 1SD log-transformed increase 1.94 (1.09, 3.47) 1.64 (0.92, 2.92) 1.96 (1.24, 3.09)

DTAC

8-isoprostane
1st tertile Reference Reference Reference
2nd tertile 0.86 (0.55, 1.36) 0.88 (0.56, 1.39) 0.94 (0.59, 1.51)
3rd tertile 0.78 (0.49, 1.23) 0.77 (0.49, 1.22) 0.85 (0.53, 1.37)

Per 1SD log-transformed increase 0.90 (0.76, 1.08) 0.89 (0.75, 1.06) 0.94 (0.79, 1.12)

2,3-dinor-8-F2-isoprostane
1st tertile Reference Reference Reference
2nd tertile 0.80 (0.49, 1.30) 0.83 (0.52, 1.35) 0.89 (0.54, 1.45)
3rd tertile 1.07 (0.70, 1.64) 1.08 (0.71, 1.64) 1.22 (0.79, 1.86)

Per 1SD log-transformed increase 1.03 (0.86, 1.24) 1.03 (0.85, 1.24) 1.07 (0.88, 1.30)

Abbreviations: ATAC, ascending thoracic aorta calcification; TAC, thoracic aorta calcification; DTAC, descending thoracic aorta calcification.
Relative risks were derived from Poisson regression models with robust variance estimation.
Statistically significant results at p < 0.05 are in bold font.
Model 1: adjusts for age, sex, race/ethnicity, education, study center, and time between scans.
Model 2: adjusts for Model 1 þ BMI, physical activity, smoking and pack-years of smoking. Model 3: adjusts for Model 3 þ systolic blood pressure, use of antihypertensive
medications, total cholesterol, HDL-C, use of lipid lowering medications, diabetes and eGFR.

Table 4
Cross-sectional association between baseline isoprostanes and log (TAC þ1) at MESA Exam 1 (2000e2002) among men and post-menopausal women.

Model 1 Model 2 Model 3

ATAC

8-isoprostane
1st tertile Reference Reference Reference
2nd tertile 0 (�8, 10) 0 (�8, 9) 0 (�7, 9)
3rd tertile �3 (�11, 5) �3 (�11, 4) �3 (�10, 5)

Per 1SD log-transformed increase �2 (�6, 2) �2 (�5, 2) �1 (�5, 3)

2,3-dinor-8-F2-isoprostane
1st tertile Reference Reference Reference
2nd tertile �4 (�11, 4) �3 (�10, 4) �3 (�10, 4)
3rd tertile 0 (�8, 10) 1 (�7, 11) 2 (�7, 12)

Per 1SD log-transformed increase �1 (�4, 3) 0 (�4, 3) 0 (�4, 4)

DTAC

8-isoprostane
1st tertile Reference Reference Reference
2nd tertile �11 (�34, 21) �12 (�35, 20) �8 (�31, 24)
3rd tertile �25 (�44, 0) ¡27 (-45, -2) �19 (�40, 8)

Per 1SD log-transformed increase �5 (�16, 8) �5 (�16, 7) �1 (�12, 12)

2,3-dinor-8-F2-isoprostane
1st tertile Reference Reference Reference
2nd tertile 0 (�26, 34) �2 (�27, 32) 0 (�25, 34)
3rd tertile �5 (�30, 28) �5 (�29, 29) 2 (�24, 37)

Per 1SD log-transformed increase �2 (�14, 11) �2 (�14, 10) 1 (�11, 14)

Abbreviations: ATAC, ascending thoracic aorta calcification; TAC, thoracic aorta calcification; DTAC, descending thoracic aorta calcification.
Results were presented as percent difference of TAC extent at baseline derived from mixed effect regression models and calculated from [Exp (b) �1] *100.
Statistically significant results at p < 0.05 are in bold font.
Model 1: adjusts for age, sex, race/ethnicity, education and study center.
Model 2: adjusts for Model 1 þ BMI, physical activity, smoking and pack-years of smoking.
Model 3: adjusts for Model 3 þ systolic blood pressure, use of antihypertensive medications, total cholesterol, HDL-C, use of lipid lowering medications, diabetes and
eGFR.
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CAC, except for a weak signal for lower prevalence in a limited
adjusted model. However, CAC progression was positively but not
18
significantly associated with the higher levels of urinary 2,3-dinor-
8-F2-isoprostane.



Table 5
Longitudinal association between baseline isoprostanes and 2-year change in log
(TAC þ1) from MESA Exam 1 (2000e2002) to Exam 2/3 (2002e2005) among men
and post-menopausal women.

Model 1 Model 2 Model 3

ATAC

8-isoprostane
1st tertile Reference Reference Reference
2nd tertile 3 (�4, 11) 4 (�3, 11) 4 (�3, 11)
3rd tertile 3 (�3, 10) 3 (�3, 10) 4 (�3, 10)

Per 1SD log-transformed increase 1 (�2, 5) 1 (�2, 5) 2 (�2, 5)

2,3-dinor-8-F2-isoprostane
1st tertile Reference Reference Reference
2nd tertile 3 (�3, 11) 3 (�3, 11) 3 (�3, 11)
3rd tertile 3 (�3, 10) 3 (�3, 10) 3 (�3, 10)

Per 1SD log-transformed increase 2 (�1, 5) 2 (0, 5) 2 (0, 5)

DTAC

8-isoprostane
1st tertile Reference Reference Reference
2nd tertile �2 (�16, 13) �2 (�16, 13) �2 (�16, 13)
3rd tertile �6 (�18, 9) �6 (�18, 9) �6 (�18, 9)

Per 1SD log-transformed increase �3 (�9, 3) �3 (�9, 3) �3 (�9, 3)

2,3-dinor-8-F2-isoprostane
1st tertile Reference Reference Reference
2nd tertile �8 (�19, 6) �8 (�19, 6) �8 (�19, 6)
3rd tertile 1 (�13, 17) 1 (�13, 17) 1 (�13, 17)

Per 1SD log-transformed increase 1 (�5, 7) 1 (�5, 8) 1 (�5, 8)

Abbreviations: ATAC, ascending thoracic aorta calcification; TAC, thoracic aorta
calcification; DTAC, descending thoracic aorta calcification.
Results were presented as percent change of TAC progression at 2 years derived
from mixed effect linear regression models and calculated from [Exp (b) �1] *100.
Statistically significant results at p < 0.05 are in bold font.
Model 1: adjusts for age, sex, race/ethnicity, education and study center.
Model 2: adjusts for Model 1 þ BMI, physical activity, smoking and pack-years of
smoking.
Model 3: adjusts for Model 3 þ systolic blood pressure, use of antihypertensive
medications, total cholesterol, HDL-C, use of lipid lowering medications, diabetes
and eGFR.
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Carotid plaque measures

The highest tertiles of both isoprostane measures, compared to
their respective lowest tertile, were significantly associated with
greater baseline extent of carotid plaque, and 8-isoprostane was
associated with greater likelihood of having prevalent plaque score
>0. Perhaps isoprostanes might better capture carotid plaque risk
by ultrasound, including softer plaque, compared to the CT-derived
calcification measures which can only quantify calcified plaque.
Table 6
Prevalence ratio for carotid plaque >0 at baseline.

Model 1

8-isoprostane
1st tertile Reference
2nd tertile 1.00 (0.84, 1.19)
3rd tertile 1.18 (1.00, 1.39)

Per 1SD log-transformed increase 1.04 (0.97, 1.12)
2,3-dinor-8-F2-isoprostane
1st tertile Reference
2nd tertile 0.97 (0.81, 1.15)
3rd tertile 1.09 (0.92, 1.29)

Per 1SD log-transformed increase 1.01 (0.94, 1.09)

Prevalence ratios were derived from Poisson regression models with robust variance est
Statistically significant results at p < 0.05 are in bold font.
Model 1: adjusts for age, sex, race/ethnicity, education and study center.
Model 2: adjusts for Model 1 þ BMI, physical activity, smoking, and pack-years of smok
Model 3: adjusts for Model 3 þ systolic blood pressure, use of antihypertensive medicat
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Differences between ATAC and DTAC incidence

We found that the positive association between both urinary
isoprostane levels with incidence of aortic calcifications existed
only in the ascending thoracic aorta, but not the descending aorta.
There are multiple possible explanations for this observed differ-
ence. First, the area of the descending aorta is larger than the
ascending aorta, increasing the likelihood by which calcifications
could have already existed at baseline. This is amplified by only
needing a TAC measurement >0 by any amount to count towards
incident TAC development. Second, the lower shear stress in the
descending aorta from lower velocities promotes atherogenesis.
These are likely reflected by themuch higher baseline prevalence of
DTAC versus ATAC (n ¼ 306 vs n ¼ 30, respectively) in our study.
Previous studies have also shown higher rates of calcifications in
the descending thoracic aorta [40]. It is possible that the higher
prevalence of baseline DTAC in our study made it more difficult to
elucidate associations with incidence, given the temporal nature of
atherosclerotic disease [41,42].

Strengths and limitations

Strengths of our study include the use of a well-characterized
cohort and the ability to examine the association of urinary iso-
prostanes with plaque and its progression across multiple different
vascular beds. However, our study has a number of important
limitations. Urinary isoprostane levels were measured only once, so
we could not evaluate change in oxidative stress levels over time.
Notably, urinary isoprostane levels were only measured in a sub-
sample, which reduced our sample size. It is plausible that our
study was not powered to detect statistically significant between
isoprostanes and measures of plaque given small sample size and
low event rates for progression. Based on the established preva-
lence of atherosclerosis in this cohort, we determined minimum
detectable effect size with 80% power and 5% alpha error
comparing the highest vs lowest tertile of isoprostanes and show
this in Supplemental Table S5. As with all observational studies, our
study design is limited by its non-randomized nature, which may
not account for unmeasured factors that could be affecting ASCVD
development. Additionally, multiple testing is an inherent limita-
tion of our analyses, which increases the chance for erroneous in-
ferences. Finally, for the TAC analysis, our study was also limited by
an average observation period of 2.4 years for TAC measurements,
whereas we had 10 years of follow-up for CAC progression. An
association between isoprostanes and incidence of DTAC may have
been observed in a larger population with a longer period of
observation. Nevertheless, we think our findings are important
Model 2 Model 3

Reference Reference
1.00 (0.84, 1.18) 1.03 (0.86, 1.23)
1.15 (0.97, 1.36) 1.22 (1.04, 1.45)
1.03 (0.96, 1.10) 1.06 (0.99, 1.13)

Reference Reference
0.97 (0.82, 1.16) 0.97 (0.81, 1.15)
1.06 (0.89, 1.25) 1.11 (0.94, 1.32)
1.00 (0.93, 1.08) 1.03 (0.95, 1.11)

imation.

ing.
ions, total cholesterol, HDL-C, use of lipid lowering medications, diabetes and eGFR.



Table 7
Cross-sectional association between baseline log-transformed isoprostane and log (carotid plaque þ1) at MESA Exam 1 (2000e2002) among men and post-
menopausal women.

Model 1 Model 2 Model 3

8-isoprostane
1st tertile Reference Reference Reference
2nd tertile �1 (�11, 10) �1 (�10, 10) 1 (�8, 12)
3rd tertile 10 (0, 23) 9 (�2, 21) 14 )3,26)
Per 1SD log-transformed increase 3 (�1, 8) 3 (�2, 7) 5 (0, 9)

2,3-dinor-8-F2-isoprostane
1st tertile Reference Reference Reference
2nd tertile �1 (�11, 9) �1 (�10, 10) �1 (�10, 10)
3rd tertile 10 (�1, 23) 10 (�1, 22) 13 (2,25)
Per 1SD log-transformed increase 2 (�2, 7) 2 (�2, 7) 4 (�1, 8)

Results were presented as percent difference of carotid plaque extent at baseline derived frommixed effect linear regression models and calculated from [Exp (b)�1]
*100.
Statistically significant results at p < 0.05 are in bold font.
Model 1: adjusts for age, sex, race/ethnicity, education and study center.
Model 2: adjusts for Model 1 þ BMI, physical activity, smoking, and pack-years of smoking.
Model 3: adjusts for Model 3 þ systolic blood pressure, use of antihypertensive medications, total cholesterol, HDL-C, use of lipid lowering medications, diabetes and
eGFR.
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exploratory work. Our overall inconsistent or null findings suggest
that more studies are needed to fully elucidate whether urinary
biomarkers of oxidative stress have utility in guiding therapy or
prognostication in atherosclerotic disease.

Conclusions

In summary, increased levels of urinary isoprostanes were
positively but non-significantly associated with CAC progression,
while showing significant associations with baseline carotid plaque
prevalence and burden, as well as both incidence of ATAC. These
relationships existed even when adjusted for multiple traditional
risk factors for ASCVD. However, there was also an association of
lower prevalence of DTAC in those with higher isoprostane levels.
Our ability to demonstrate consistent relationships may have been
limited by sample size. Despite these inconsistent findings, the
positive associations between isoprostanes and development of
subclinical atherosclerotic disease in any vascular bed suggests they
may play a role in development of atherosclerosis in other vascular
beds, given the systemic nature of ASCVD. Further research into the
role isoprostanes and oxidative stress play in the development of
subclinical ASCVD is needed to determine whether they can be
used as a biomarker of atherosclerotic risk or extent. Further
studies are needed to help determine if isoprostane measurements
may be more useful in specific, high risk patient populations, and
whether patients with higher levels of isoprostanes would have
benefit from therapies that target their higher levels of oxidative
stress.
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