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Abstract

Objectives—To examine the longitudinal association between toenail selenium levels and sub-
clinical atherosclerosis over an 18-year period.

Methods—Toenail selenium concentrations were examined among 3112 Americans age 20-32
years in 1987 and measured by instrumental neutron-activation analysis. Subclinical atherosclerosis,
including common, bulb and internal carotid intima-media thickness (CIMT), was measured in 2005
and coronary artery calcium (CAC) score in 2000 and 2005. General linear regression was developed
examining the relation between toenail selenium levels and CIMTs, and logistic regression for
repeated outcomes was employed estimating the risk of having CAC>0.

Results—After adjustment for potential confounders, no associations were observed between
toenail selenium levels and CIMTs as well as CAC score. Comparing participants in the highest with
the lowest quintile of selenium, the CIMT was 0.005mm (SE=0.008mm, Py¢ng=0.39), 0.018mm
(SE=0.019mm, Pyeng=0.49), and 0.017mm (SE=0.014mm, Pyeng=0.21) thicker measured in
common, bulb and internal carotid, respectively. The adjusted odds ratio of having CAC>0 was 0.95
(95%CI: 0.67-1.35; Pyreng=0.999).

Conclusions—No associations were observed between toenail selenium and measures of
subclinical atherosclerosis among American young adults. This study does not support an
atherosclerotic mechanism of selenium for risk reduction of cardiovascular disease.
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1. Introduction

Because of its presence in selenocysteine and glutathione peroxidase, selenium, an essential
trace element, has been recognized to play a role in protecting against oxidative damage.[1]
Laboratory and observational studies indicate that antioxidants may protect cells from the
adverse effects of free radicals and lipid peroxides. [2] Thus, it has been suggested that selenium
may be beneficial in reducing the risk of cardiovascular diseases (CVD). [3]

Data from previous studies on the role of selenium in CVD risk were inconsistent. A systematic
review published in 2006 summarizing 25 observational studies (11 case-control studies and
14 cohort studies) reported that selenium was inversely associated with coronary heart disease
(CHD). However, the findings were not in agreement with those from 6 randomized clinical
trials, in which no significant association was documented [4]. In addition, a recent secondary
data analysis based on a large scale randomized trial also found no association between
selenium supplementation (200 pg/d) and self-reported CVD endpoints [5]. Of note, data
relating selenium to subclinical atherosclerosis are limited.

Literature suggests that selenium level in toenails is a reliable biomarker reflecting time-
integrated body intake [6-11]. Also, computed tomography scanning of the coronary arteries
for calcium (CAC) has been increasingly used as a noninvasive method of assessing early
coronary artery diseases. The presence of CAC has been determined to be a predictor of future
coronary events.[12] In addition, a number of studies have indicated that measures of carotid
intima-media thickness (CIMT) including common CIMT (cCIMT), bulb CIMT (bCIMT) and
internal CIMT (iCIMT) are powerful predicators of subclinical atherosclerosis.[13] However,
few studies have used these measures simultaneously in a single cohort.

To determine the long-term association of selenium status with subclinical atherosclerosis, we
prospectively examined toenail selenium levels in relation to measures of subclinical
atherosclerosis in the Coronary Artery Risk Development in Young Adults (CARDIA) Trace
Element Study.

2. Methods

2.1. Study participants

The CARDIA study is a multi-center, longitudinal study examining CVD risk factors in
American young adults. Details of the study design have been published elsewhere [6]. Briefly,
the cohort was established in 1985, comprised of 5115 Americans, age 18 to 30 years and
roughly balanced by gender and ethnicity (African American and Caucasian) recruited from 4
metropolitan areas (Birmingham, AL; Chicago, IL; Minneapolis, MN and Oakland, CA).
Follow-up examinations were conducted six times in 1987, 1990, 1992, 1995, 2000 and 2005.
The average follow-up rate was 94.1%, and 69.4% participants in the original cohort returned
in 2005. In the present study, 1987 was considered the study baseline since toenail specimens
were collected then. A total of 4624 participants attended the examination in 1987. Of them,
4362 (94.3%) participants provided toenail clippings. In the analysis, we excluded 75
participants with missing data on selenium or toenail mass. We also excluded 28 participants
with toenail selenium level >2 ng/g because this high concentration is very likely due to
exogenous contamination based on our laboratory experience. We further excluded 282
participants who had any clinical CVD at baseline. In addition, we excluded 865 participants
who had missing data on all 4 measures of subclinical atherosclerosis. After these baseline
exclusions, a total of 3112 participants remained in the analysis.

All participants signed informed consent form. The study design, data collection and analyses
were approved by the institutional review boards of the centers involved.
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2.2. Exposure and outcome measures

2.2.1. Toenail selenium—Toenail clippings were collected with a stainless steel clipper
from all 10 toes by the participants themselves during the clinical examination. All toenail
clippings were processed with a washing procedure in a sonicator with deionized water.
Selenium levels were analyzed by the instrumental neutron-activation analysis (NAA) at the
University of Missouri Research Reactor. [14] Toenail specimens were treated in random order
by the laboratory personnel who were blinded to other clinical measures. The average
coefficient of variation in duplicated subsamples for the toenail selenium measure was 2.45%
in the present study.

The toenail concentrations of selenium were suggested to be useful biomarkers of exposure in
which a single sample was assumed to represent a long-term exposure since toenail clippings
reflect a time period of 9 to 12 months of selenium exposure[10]. A study examined the
reliability of toenail measure over six-year period. The Spearman correlation coefficient for
the reproducibility of toenail selenium over 6 years was 0.48 [15]. In a pilot study conducted
among 64 randomly selected CARDIA participants from Chicago Field Center, the Spearman
correlation between toenail selenium concentrations in toenail clippings collected 20 years
apart and measured by the same laboratory with same protocol was 0.56.

2.2.2. Subclinical atherosclerosis—High-resolution B-mode ultrasonography was used
to capture images of the bilateral common, bulb and internal carotid arteries using a Logiq 700
ultrasound machine (General Electric Medical Systems) [16]. Five standardized B- mode
images were acquired from each of the right and left carotid arteries in 2005. One measurement
was made of the common carotid, two of the carotid bulb, and two of the internal carotid artery.
Measurements were made at a central reading center by the readers blinded to all clinical
information. The maximum of multiple measurements (4, 8 and 8, respectively) for cCIMT,
bCIMT and iCIMT were defined as the maximum of the IMT of the near and far wall on both
the left and right sides of common, bulb and internal carotid arteries. [17].

The CAC score was measured in 2000 and 2005 by computed tomography (CT) scan of the
calcium in plaque on the walls of the arteries. At each examination, the means score of the 2
scans were obtained on the same occasion. The presence of CAC (Agatston score>0) was
considered a marker of subclinical atherosclerosis [18].

2.3. Covariates

Demographic variables were collected via questionnaire. Smoking status was determined
according to self report and serum cotinine [19]. Participants were classified into four groups:
current smoker; former smoker; never smoker with passive exposure (self-report never smoker
with serum cotinine concentrations 1 to 15 ng/ml); and never smoker without passive exposure
(self-report never smoker with non-detectable serum cotinine). Serum cotinine concentration
over 15ng/ml was used to determine current smokers who denied smoking. Alcohol intake was
assessed through a self-administered questionnaire and interview-based dietary history.
Fasting plasma high density lipoprotein (HDL) cholesterol was analyzed using enzymatic
procedure after dextran sulfate-magnesium precipitation and low density lipoprotein (LDL)
cholesterol was calculated by the Friedewald equation [20]. Body weight and height were
directly measured in light clothes without shoes, and body mass index (BMI; in kg/m?2) was
classified into five groups: <21, 21-22.9, 23-24.9, 25-29.9 and >30 kg/m? [21]. Physical
activity was assessed using the CARDIA Physical Activity History Questionnaire, an
interviewer-based self-report of frequency of participation in each of 13 categories of sports
and exercise over the previous 12 months [22,23].
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2.4, Statistical analysis

3. Results

Participants were divided into quintiles according to their toenail selenium levels. Group
comparisons of characteristics at baseline were performed using analysis of variance, Kruskal-
Wallis test or chi-square test as appropriate.

General linear regression model was used to examine the relation between toenail selenium
concentrations and three CIMT measures. We considered three sequential models in the
analysis: model 1 adjusted for age, gender, ethnicity, and study center; model 2 additionally
adjusted for education, smoking status, alcohol consumption and physical activity; and model
3 additionally adjusted for LDL/HDL, systolic BP, fasting glucose, BMI, family history of
heart disease and toenail mass.

Continuous CAC scores were not used as an outcome in the analysis due to the relatively low
prevalence of CAC in this young adult cohort and the highly skewed data. Since the time of
the intermediate event (CAC>0) was left interval-censored, logistic regression model of
correlated outcome for repeated measures was employed to estimate the perspective odds ratios
(ORs) and 95% confidence intervals (Cls) of having CAC>0, with a sequential covariates-
adjusted strategy as described in the CIMT analysis.

Because of the repeated measurements for some important covariates, we used quadratic
random-effect growth curve model over unequally spaced repeated measurements to reduce
the within-person random measure error and to better represent the long-term average level of
the covariates in the sensitivity analysis. We computed the area under the curve (AUC) for
each covariate, and replaced the baseline values in the primary analysis with the AUC values
to test the robustness of our findings [24].

All analyses were performed by using SAS version 9.1.3 (SAS Institute Inc, Cary, NC). P<0.05
was considered statistically significant.

Baseline characteristics of the study population are shown in Table 1. The median values of
toenail selenium across quintiles were 0.69, 0.78, 0.84, 0.92 and 1.04 ng/g. As compared with
the participants in the lowest quintile of toenail selenium levels, those in the highest quintile
were slightly older, and more likely to be females, Caucasians, and non-current smokers. They
also had a higher education level, lower symbolic BP and lower alcohol consumption. Toenail
selenium levels varied geographically by study center. Selenium levels were relatively lower
in men, African Americans, current smokers, and participants with high alcohol consumption
and non-supplement users (Table 2).

In the general linear regression analysis, toenail selenium levels were not associated with any
of the three CIMT measures after adjustment for age, gender, ethnicity, study center and other
potential confounding factors (Table 3). Gender did not appreciably modify the results.
Although the value of bCIMT in the highest quintile of toenail selenium was higher among
Caucasian, the interaction of selenium and ethnicity was not statistically significant (Figure
1).

Similarly, no association between toenail selenium and CAC score was found (Table 4). As
compared with the participants in the lowest quintile of selenium, the odds ratios of having
CAC score>0 for those in the higher four quintiles were 0.80 (95%CIl: 0.58, 1.10), 0.86 (95%
Cl: 0.62, 1.20), 0.87 (95%ClI: 0.62, 1.23) and 0.95 (95%ClI: 0.67, 1.35; p for trend = 0.999),
respectively. Neither gender nor ethnicity appreciably modified the findings (data not shown).
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A few sensitivity analyses were conducted to test the robustness of our findings (data not
shown). First, when used the AUC values computed by quadratic random-effect model for
repeatedly measured or time-dependent covariates including systolic BP, BMI, LDL/HDL
ratio, fasting glucose and smoking (cumulative dose, pack-years), the results were not
considerably changed. Second, when further adjusted for other antioxidants such as total alpha-
tocopherol and beta-carotene, the results were again not materially changed. Third, since data
on selenium supplement use were available in 1992 and 2005, we stratified data according to
selenium supplement use. The results were generally consistent between supplement users and
non-users. Four, since one of major sources of selenium intake is marine food, we included
long-chain omega-3 polyunsaturated fatty acids and/or non-fried (broiled steamed, baked or
raw) fish in the analysis. Our findings remained. Also, no interactions between selenium and
long-chain omega-3 fatty acids or fish were found in this cohort. Finally, we created two
combined measures of CIMTSs, i.e. the average of bCIMT and iCIMT, and the average of
cCIMT, bCIMT and iCIMT. No statistically significant associations were found.

4. Discussion

In this 18-year prospective follow-up study among American young adults, no longitudinal
associations between toenail selenium levels and multiple measures of subclinical
atherosclerosis were observed.

Data from a systematic review published in 2006 summarizing 14 prospective cohort studies
and 11 case-control studies suggested an inverse association between selenium concentrations
and CHD risk [4]. The inconsistency with our findings may partially be explained by different
biomarkers used for measuring selenium status. For example, the 25 observational studies
included in the systematic review measured whole blood, serum, erythrocyte or toenail
selenium, which reflect different time frame of selenium exposure. Only one cohort study and
two case-control studies measured toenail selenium. Of note, these three studies also showed
no association between toenail selenium levels and total risk of CHD [8,9,11], though a possible
protective role for myocardial infarction was reported [11].

In the same systemic review, a meta-regression model pooling six clinical trials published
between 1989 and 2004 including 8884 participants in active treatment group and 8904
controls, found that selenium supplementation was not related to CHD [4]. This finding was
confirmed by a randomized placebo-controlled multi-center trial (Selenium and Vitamin E
Cancer Prevention Trail [SELECT]) comprised of 35,533 men. In addition, low-dose
supplementation of a combination of antioxidants (120 mg vitamin C, 30 mg vitamin E, 6 mg
beta carotene, 100ug selenium, and 20 mg zinc) found no beneficial effects on atherosclerosis
progression measured by cCIMT in a clinical trial [25]. Of note, almost all previous clinical
trials on selenium and CVD risk were conducted in men and were secondary data analyses.
For example, the largest clinical trial (SELECT) on selenium was primarily designed to study
prostate cancer in men. Also, the previous studies were conducted in middle aged or older
individuals who were likely to had already had disease onset. Our study adds additional data
on women and young adults. Moreover, selenium was used in combination with other vitamins
or minerals in most of the clinical trials, which makes it impossible to isolate the specific effects
of selenium

In addition to the unique study population, a few strengths of our study should be highlighted.
First, toenail selenium level was measured, which is recognized as the best indicator of long-
term selenium status. Second, multiple clinical measures were employed to determine
subclinical atherosclerosis. The consistent findings across these clinical measures strengthened
our results. Our study provides a mechanistic explanation or morphological evidence for the
non-beneficial effects of selenium on CVD events. Third, participants were followed for 18
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years. It allows us to study the long-term association between selenium and subclinical
arthrosclerosis.

Some limitations also need to be considered. In essence, this study may share some common
weaknesses of any observational study, e.g. unknown confounders. It is possible that random
measurement error could prevent the detection of any weak or moderate long-term association,
though a good long-term reproducibility of toenail measurement was suggested by one
published study and our pilot study. Nevertheless, our findings are generally consistent with
some randomized clinical trials. Also, toenail selenium was only analyzed once at baseline.
Thus, we were unable to study the effects of changes in selenium status on sub-clinical
atherosclerosis over the 18 years of followed-up period. For example, if participants with low
selenium levels at baseline increased intakes of selenium later on, any possible association
would be attenuated. However, the results were not materially changed when we excluded the
participants who were self-identified selenium supplement users. In addition, our findings were
based on a young cohort from four urban areas, which may limit the generalizability to other
populations.

Selenium can incorporate into selenoproteins through a complex genetic mechanism encoded
by the UGA codon [26]. Through selenoproteins, selenium plays an in important role in
protection against oxidative stress, which has been hypothesized to lower CVD risk. Our study
does not support an atherosclerotic mechanism of selenium for risk reduction in CVD.
However, the possibility of non-atherosclerotic mechanisms of selenium in relation to CVD
risk can not be ruled out. In addition selenium has a narrow safety margin. It has been suggested
that selenium may be a double-edged sword in that excess selenium could promote type 2
diabetes, which is an established risk factor of CVD, due to its over antioxidant activity [27].
In the present study, bCIMT values were significantly higher among Caucasian participants in
the highest quintile of toenail selenium than those in the lowest quintile, though the interaction
between selenium and ethnicity was not significant. However, this phenomenon was not seen
in cCIMT and iCIMT. Although all of these measures are recognized as markers of subclinical
atherosclerosis, they may be surrogates of different parts of the atherosclerotic process [28].
In addition, bCIMT is more difficult to accurately measure as compared to other CIMT
measures (e.g. cCIMT) because it can only be measured in limited angles that may not reflect
the thickest portions of vessel wall [29]. Further studies are warranted.

Since the null association between selenium and subclinical atherosclerosis was found in the
present study, several possibilities should be taken into consideration: 1) Low statistical power
may be a reason for null association. However, there were 3112 participants and continuous
outcome variables were used in this study, which guaranteed about 94.5% power to detect a
difference of 0.05 mm between the highest and the lowest selenium quintiles with a standard
deviation of 0.2 mm (with a Bonferroni correction of alpha level to 0.005, two sided). 2) If the
temporal relation between the exposure measure and outcome did not encompass the whole
latent period, we may observe a null association. However, toenail selenium provides a time-
ingredient measure, and the 18 years of follow-up should be long enough to capture the latent
period of atherosclerosis. Particularly, atherosclerosis is usually not reversible. 3) A negative
confounder, i.e. a factor with an opposite association with exposure and outcome, could bias
any possible association towards the null. However, the likelihood should be small since we
carefully considered a number of potential confounding factors. Also, we used biomarkers for
exposure and outcome rather than dietary measure and self-report disease state. 4) Non-
differential laboratory measure errors of toenail selenium may attenuate an existing association.
Our results were unlikely to be substantially explained by the random measure error. In other
studies, toenail selenium assessed by the same method as our coordinating laboratory
successfully predicted chronic diseases [30]. 5) A null association can be explained by
insufficient variation of exposure. However, the selenium levels in this cohort ranged from
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0.48 to 1.98ug/g, which indeed provided a wide variation and enabled us to examine the
potential association with high sensitivity. 6) If the exposure variation falls within a flat portion
of the total dose-response relationship, we may not be able to detect any association. However,
this is unlikely to explain our findings. We constructed a nonparametric spline analysis, and
there was no nonparametric non-linear association such as a “threshold” phenomenon found.

In conclusion, no longitudinal association between toenail selenium levels and subclinical
atherosclerosis was observed among American young adults. Our findings do not support an
atherosclerotic mechanism of selenium for risk reduction in CVD. We should be cautious to
recommend selenium supplementation for CVD prevention.
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Figure 1.

Regression coefficients and 95% Cls according to toenail selenium levels stratified by gender
and ethnicity.

cCIMT, bCIMT and iCIMT are common, bulb and internal carotid intima-media thickness,
respectively. P value is test for trend across quintiles of toenail selenium levels.
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