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Serum carotenoid concentrations in US children and adolescents'?

Earl S Ford, Cathleen Gillespie, Carol Ballew, Anne Sowell, and David M Mannino

ABSTRACT

Background: Carotenoids, a class of phytochemicals, may affect
the risk of several chronic conditions.

Objective: Our objective was to describe the distributions and corre-
lates of serum carotenoid concentrations in US children and adolescents.
Design: Using data from the third National Health and Nutrition
Examination Survey (1988-1994), a cross-sectional study, we
examined the distributions of serum concentrations of a-carotene,
B-carotene, B-cryptoxanthin, lutein and zeaxanthin, and lycopene
among 4231 persons aged 6-16y.

Results: After adjustment for age, sex, race or ethnicity, poverty-
income ratio, body mass index status, HDL- and non-HDL-cholesterol
concentrations, C-reactive protein concentration, and cotinine con-
centration, only HDL-cholesterol (P < 0.001) and non-HDL-
cholesterol (P < 0.001) concentrations were directly related to all
carotenoid concentrations. Age (P < 0.001) and body mass index sta-
tus (P < 0.001) were inversely related to all carotenoid concentrations
except those of lycopene. Young males had slightly higher carotenoid
concentrations than did young females, but the differences were signi-
ficant only for lycopene concentrations (P = 0.029). African Ameri-
can children and adolescents had significantly higher B-cryptoxanthin
(P < 0.001), lutein and zeaxanthin (P < 0.001), and lycopene
(P = 0.006) concentrations but lower a-carotene (P < 0.001) concen-
trations than did white children and adolescents. Mexican American chil-
dren and adolescents had higher a-carotene (P < 0.001), B-cryptoxanthin
(P <0.001), and lutein and zeaxanthin (P < 0.001) concentrations but
lower lycopene (P = 0.001) concentrations than did white children and
adolescents. C-reactive protein concentrations were inversely related
to B-carotene (P < 0.001), lutein and zeaxanthin (P < 0.001), and
lycopene (P = 0.023) concentrations. Cotinine concentrations were
inversely related to a-carotene (P = 0.002), B-carotene (P < 0.001),
and B-cryptoxanthin (P < 0.001) concentrations.

Conclusion: These data show significant variations in serum
carotenoid concentrations among US children and adolescents and
may be valuable as reference ranges for this population. Am J
Clin Nutr 2002;76:818-27.
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INTRODUCTION

The benefits of consuming an adequate amount of fruit and veg-
etables are well known, although which of their numerous phyto-
chemicals account for their health benefits remains unresolved.
Fruit and vegetable intake is inversely related to cardiovascular

disease (1, 2), cancer (3, 4), diabetes (5), and other conditions.
Despite these benefits, fruit and vegetable intake in the US popu-
lation is inadequate (6, 7).

Carotenoids, a prominent class of phytochemicals, are compounds
with vitamin A-like chemical structures that are found mostly in
plants (8). Many carotenoids have been described, but 5—a-carotene,
[3-carotene, (3-cryptoxanthin, lutein and zeaxanthin, and lycopene—
account for most of the concentrations of carotenoids found in
humans. Their health benefits are not conclusively established, but
epidemiologic studies suggest that carotenoid intake or circulating
concentrations are inversely related to all-cause mortality (9), car-
diovascular disease (10—17), various cancers (18), insulin resistance
(19, 20), and other chronic conditions. The antioxidant potential of
carotenoids is thought to account for their health benefits, but other
mechanisms have been proposed as well (21).

Because of the possible health benefits of carotenoids, knowing the
population distribution of their concentrations and identifying sub-
groups with low concentrations, who might be at increased risk of
future disease, are of considerable interest. Recently, significant differ-
ences in carotenoid concentrations by sex and ethnicity were reported
for the adult US population (22), but few population-based data about
the distribution of carotenoid concentrations in children and adoles-
cents are available. Furthermore, it is important to examine predictors
of carotenoid concentrations to identify potentially modifiable deter-
minants of these concentrations and to identify possible confounders
for epidemiologic studies of carotenoids. Therefore, we examined the
distributions and determinants of the concentrations of 5 carotenoids—
a-carotene, [3-carotene, [3-cryptoxanthin, lutein and zeaxanthin, and
lycopene—for children and adolescents who participated in the third
National Health and Nutrition Examination Survey (NHANES III).

SUBJECTS AND METHODS

NHANES III was started in 1988 and completed in 1994. A rep-
resentative sample of the US population, selected using a multi-
stage sampling design, was contacted and asked to participate.
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TABLE 1

Distribution of serum a-carotene concentrations among children and adolescents aged 6—16 y who participated in the third National Health and Nutrition

Examination Survey, 1988—1994

Percentile
X+ SE Sth 15th 25th 50th 75th 85th 95th  Minimum Maximum
umol/L umol/L umol/L umol/L
Total (n = 4231) 0.0698 £0.0026  0.0118  0.0160  0.0204  0.0524  0.0745  0.0969  0.1580  0.0100 0.8800
Non-Hispanic white (n = 1158)  0.0694 +£0.0032  0.0117  0.0157  0.0197  0.0525 0.0765  0.0978  0.1601  0.0100 0.6900
Non-Hispanic black (n = 1442) ~ 0.0500 £0.0013  0.0112  0.0141  0.0170  0.0325  0.0575  0.0666  0.1047  0.0100 0.7300
Mexican American (n = 1433) 0.0717 £0.0030  0.0127  0.0184  0.0296  0.0568  0.0754  0.0971  0.1533  0.0100 0.4100
Other (n = 198) 0.1019 £0.0097  0.0171  0.0430  0.0548  0.0673  0.1007  0.1234  0.2258  0.0100 0.8800
Male (n = 2115) 0.0703 £0.0033  0.0118 0.0160  0.0206  0.0523  0.0757  0.0976  0.1475  0.0100 0.8800
Non-Hispanic white (n = 578) 0.0683 £0.0033  0.0116  0.0156  0.0196  0.0510  0.0773  0.0983  0.1441  0.0100 0.6900
Non-Hispanic black (n = 726) 0.0527 £0.0017 0.0114  0.0146  0.0177  0.0364  0.0607  0.0677  0.1132  0.0100 0.6100
Mexican American (n = 710) 0.0692 £0.0024 0.0128 0.0184  0.0293  0.0559  0.0747  0.0934  0.1491  0.0100 0.3900
Other (n = 101) 0.1139+£0.0203  0.0169 0.0464 0.0594  0.0686  0.1008  0.1227  0.2255  0.0100 0.8800
Female (n = 2116) 0.0693 +£0.0027  0.0119  0.0160  0.0202  0.0526  0.0731  0.0960  0.1668  0.0100 0.7300
Non-Hispanic white (n = 580) 0.0706 £0.0039  0.0119  0.0159  0.0199  0.0542  0.7570  0.0971  0.1767  0.0100 0.4500
Non-Hispanic black (n = 716) 0.0473 £0.0019  0.0110  0.0137  0.0164  0.0291  0.5340  0.6480  0.9790  0.0100 0.7300
Mexican American (n = 723) 0.0743 £0.0048  0.0126  0.0184  0.0300  0.0577  0.0763  0.1010  0.1577  0.0100 0.4100
Other (n =97) 0.0898 £ 0.0085 — 0.0402  0.0510  0.0660  0.1005  0.1240  0.2049  0.0200 0.3900
Age (y)
6-7 (n = 839) 0.0745 £0.0035  0.0124  0.0177  0.0304 0.0613 0.0845 0.1054 0.1515  0.0100 0.6100
811 (n=1753) 0.0790 £0.0038  0.0127  0.0188  0.0337  0.0607  0.0824  0.1060  0.1984  0.0100 0.6900
12-16 (n = 1639) 0.0601 £0.0033  0.0113  0.0143  0.0174  0.0388  0.0661  0.0837  0.1374  0.0100 0.8800
Poverty-income ratio
<1.3 (n=2100) 0.0619 £0.0027 0.0115 0.0150 0.0184  0.0459  0.0683  0.0889  0.1355  0.0100 0.6100
>1.3-3.5 (n = 1704) 0.0702 £0.0038  0.0117  0.0158  0.0199  0.0511  0.0734  0.0950  0.1541  0.0100 0.8800
>3.5 (n=427) 0.0808 +£0.0059  0.0131  0.0193  0.0362 0.0622  0.0874  0.1086  0.2098  0.0100 0.3500
BMI (percentile)
<15 (n=378) 0.0756 £0.0034  0.0124  0.0210  0.0389  0.0623  0.0831  0.1121  0.1448  0.0100 0.3900
16-84 (n =2645) 0.0740 £0.0034  0.0121  0.0168  0.0245  0.0550  0.0779  0.1000  0.1831  0.0100 0.8800
85-94 (n = 629) 0.0641 £0.0035 0.0117 0.0152  0.0187  0.0516  0.0704  0.0882  0.1419  0.0100 0.7300
295 (n=579) 0.0483 £0.0037  0.0110  0.0132  0.0154  0.0250  0.0549  0.0679  0.1226  0.0100 0.2600

Participants, who were interviewed at home, were asked to come
to the mobile examination center for additional tests and to com-
plete additional questionnaires. For most participants a blood sam-
ple was drawn during the examination, but for those who could
not attend, a blood sample was requested during the original home
interview. To provide more stable estimates, children aged 2 mo to
5y, African Americans, and Mexican Americans were oversam-
pled. More detailed information about the survey is available else-
where (23, 24).

Participants attended a morning, afternoon, or evening exami-
nation session. Those who attended morning sessions were asked
to fast for 12 h, and those who attended afternoon or evening ses-
sions were asked to fast for 6 h. Five carotenoids were assayed at
the NHANES laboratory at the Centers for Disease Control and
Prevention: a-carotene, (3-carotene, 3-cryptoxanthin, lutein and
zeaxanthin, and lycopene. Detailed procedures for these assays
were published elsewhere (25). Reversed-phase HPLC with mul-
tiwavelength detection was used to quantify the concentrations of
these carotenoids (26). Because a longer run time is needed to
measure concentrations of lutein and zeaxanthin separately, the
decision was made to measure them together for practical reasons.
Total carotenoid concentrations were calculated by summing the
concentrations of the individual carotenoid concentrations.

We included the following covariates: age, sex, race or eth-
nicity, poverty-income ratio, body mass index, serum HDL- and
non-HDL-cholesterol concentrations, C-reactive protein concen-
tration, supplement use, cotinine concentration, physical activity,

and fruit and vegetable intake. As discussed below, associations
between these variables and carotenoid concentrations have been
examined in adults. Four racial or ethnic groups were created:
white, African American, Mexican American, and other. Because
the last group was small, we excluded it from some analyses. The
poverty-income ratio represents reported family income divided
by the poverty threshold produced annually by the Census Bureau
and adjusted for changes caused by inflation. Body mass index
(in kg/m?) was calculated from measured heights and weights.
Using the body mass index growth charts recently released by the
Centers for Disease Control and Prevention, body mass index was
divided into the following categories by age- and sex-specific per-
centiles: < 15th, 15th to <85th, 85th to <95th, and >95th (27).
Serum concentrations of total and HDL cholesterol (after pre-
cipitation with a heparin—-manganese chloride solution) were
measured enzymatically with a Hitachi 704 analyzer (Boehringer
Mannheim Diagnostics, Indianapolis). We calculated the non-
HDL-cholesterol concentration by subtracting the concentration
of HDL cholesterol from that of total cholesterol. C-reactive pro-
tein concentrations were measured by using latex-enhanced neph-
elometry. The lower detection limit was 3.0 mg/L. Participants
with a concentration below the lower detection limit were assigned
a value of 2.1 mg/L (3.0 mg/L divided by the square root of 2).
C-reactive protein concentrations were divided into 2 cate-
gories: <2.1 and > 2.1 mg/L. Serum cotinine concentrations were
determined by using HPLC with atmospheric pressure chemical
ionization tandem mass spectrometry. The number of times per
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TABLE 2

Distribution of serum (-carotene concentrations among children and adolescents aged 6—16 y who participated in the third National Health and Nutrition

Examination Survey, 1988—1994

Percentile
X+ SE Sth 15th 25th 50th 75th 85th 95th  Minimum Maximum
umol/L umol/L umol/L umol/L
Total (n = 4231) 0.3023 £0.0052  0.1038  0.1409  0.1754  0.2529  0.3550 0.4384  0.5994  0.0200 1.7700
Non-Hispanic white (n = 1158)  0.3007 £0.0073  0.1026  0.1390  0.1733  0.2513  0.3564  0.4366  0.5909  0.0400 1.5300
Non-Hispanic black (n = 1442) ~ 0.2920 £0.0046  0.0986  0.1360  0.1705  0.2505  0.3460  0.4059  0.5954  0.0400 1.7700
Mexican American (n = 1433) 0.2964 +£0.0072  0.0952  0.1370  0.1727  0.2477 03480  0.4239  0.6261  0.0200 1.4500
Other (n = 198) 0.3356+£0.0169  0.1236  0.1648  0.1946 02716 04135  0.4902  0.6657  0.0900 1.3800
Male (n = 2115) 0.3046 £0.0070  0.0990  0.1428  0.1767 02568  0.3552  0.4416  0.6032  0.0400 1.7700
Non-Hispanic white (n = 578) 0.2988 +£0.0090  0.0967  0.1382  0.1713  0.2530  0.3554  0.4409 0.5745  0.0400 1.4200
Non-Hispanic black (n = 726) 0.3029 £0.0084  0.1018  0.1426  0.1801  0.2622  0.3475 04111  0.6062  0.0600 1.7700
Mexican American (n = 710) 0.2992 £0.0092  0.0902  0.1334  0.1725 02460  0.3565  0.4290  0.5996  0.0600 1.4500
Other (n = 101) 0.3566 +£0.0289  0.1518  0.1800  0.2061  0.2896  0.4033  0.4666  0.6874  0.0900 1.3800
Female (n =2116) 0.2998 £0.0068  0.1102  0.1392  0.1739 02476  0.3547 04324  0.5969  0.0200 1.6200
Non-Hispanic white (n = 580) 0.3027 £0.0092  0.1106  0.1400  0.1759  0.2489  0.3575 04270 0.5963  0.0700 1.5300
Non-Hispanic black (n = 716) 0.2809 +£0.0063  0.0960  0.1306  0.1626  0.2362  0.3443  0.3990  0.5750  0.0400 1.6200
Mexican American (n = 723) 0.2937£0.0111  0.1026  0.1397  0.1729  0.2493  0.3445 04134  0.6525  0.0200 1.3600
Other (n =97) 0.3143+£0.0319 0.1189 0.1474  0.1888  0.2567 04172  0.5133  0.5991  0.0900 0.8400
Age (y)
6-7 (n = 839) 0.3410+0.0116  0.1240  0.1754  0.2062  0.2848 04199 04764 0.6633  0.0700 1.4500
811 (n=1753) 0.3267 £0.0076  0.1193  0.1637  0.1986  0.2847  0.3891  0.4607  0.6485  0.0400 1.7700
12-16 (n = 1639) 0.2664 +£0.0078  0.0908  0.1212  0.1492  0.2168 03075  0.3687  0.5443  0.0200 1.5300
Poverty-income ratio
<1.3 (n=2100) 0.2848 £0.0081  0.1020  0.1392  0.1685  0.2381  0.3338  0.4157 0.5584  0.0200 1.4500
>1.3-3.5 (n=1704) 0.3034 £0.0074  0.0995 0.1387  0.1724  0.2512 03665 0.4463  0.6017  0.0400 1.3800
>3.5 (n=427) 0.3262+0.0144 0.1128  0.1530  0.1958  0.2746  0.3703  0.4520 0.6643  0.0600 1.7700
BMI (percentile)
<15 (n=378) 0.3286 +£0.0106  0.1198  0.1767  0.2116  0.3019  0.3934 04589  0.5775  0.0400 1.3400
16-84 (n = 2645) 0.3185+0.0072  0.1144  0.1520 0.1891  0.2634 03684 04562  0.6624  0.0600 1.7700
85-94 (n = 629) 0.2788 £0.0117  0.0958  0.1336  0.1634 02369  0.3384 04164 0.5117  0.0200 1.1600
295 (n=579) 0.2173 £0.0086  0.0688  0.1002  0.1215  0.1753  0.2524  0.3275  0.4539  0.0400 1.3200

month that children and adolescents aged 12—-16 y consumed fruit
and vegetables was estimated from 18 questions on a food-
frequency questionnaire.

A total of 4231 males and nonpregnant females aged 6-16 y
with complete data on serum carotenoid concentrations, body
mass index, and poverty-income ratio were used to examine the
distributions of these compounds. Additional exclusions for
missing values for independent variables reduced the number of
participants for multiple linear regression models to 3828. Dif-
ferences in carotenoid concentrations for continuous variables
that were categorized into more than 2 levels were assessed with
a test for linear trend. Differences in concentrations for categor-
ical variables with 2 or more levels were tested with a 7 test or
analysis of variance, respectively. To examine the independent
relations between carotenoid concentrations and the study vari-
ables, we log transformed the carotenoid concentrations before
running multiple linear regression analyses. Analyses were per-
formed with the statistical software SUDAAN to account for the
complex sampling design of the survey and produce valid vari-
ance estimates (28).

RESULTS

The young males had slightly higher mean and median con-
centrations of all carotenoid concentrations than did the young

females, but the differences were not significant (Tables 1-5). Age
was inversely related to the concentrations of all carotenoids (P <
0.001) except lycopene (P = 0.584). African American children
and adolescents had the highest mean and median total serum
carotenoid concentrations, and white children and adolescents had
the lowest (P < 0.001). Of the 3 major race or ethnic groups,
African American children and adolescents had the highest mean
and median concentrations of lutein and zeaxanthin and lycopene,
Mexican American children and adolescents had the highest con-
centrations of a-carotene (but not significantly higher than those
of white children and adolescents) and 3-cryptoxanthin, and white
children and adolescents had the highest concentrations of
-carotene although race or ethnicity was not significantly asso-
ciated with 3-carotene concentrations. The poverty-income ratio
was positively associated with a-carotene (P = 0.005) and
3-carotene (P = 0.022) concentrations and inversely associated
with lutein and zeaxanthin (P = 0.018) concentrations. Body mass
index percentiles were inversely associated with the concentra-
tions of all carotenoids (P < 0.001) except lycopene.

We also examined the distributions of carotenoid concentra-
tions among 2554 children and adolescents after excluding from
the full sample of 4231 those who reported having had a cold, flu,
diarrhea, vomiting, pneumonia, or ear infection in the past 4 wk;
those who were thought by the examining clinician to have a pos-
sible active infection; those with a C-reactive protein concentration
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TABLE 3

Distribution of serum (-cryptoxanthin concentrations among children and adolescents aged 6—16 y who participated in the third National Health and

Nutrition Examination Survey, 1988-1994

Percentile
X+ SE Sth 15th 25th 50th 75th 85th 95th  Minimum Maximum
umol/L umol/L umol/L umol/L

Total (n = 4231) 0.1907 £ 0.0026 0.0659  0.0930
Non-Hispanic white (n = 1158)  0.1775 + 0.0035 0.0611  0.0874
Non-Hispanic black (n = 1442)  0.2104 £ 0.0044 0.0811  0.1132
Mexican American (n = 1433)  0.2517 £ 0.0062 0.0915  0.1271
Other (n = 198) 0.2034 + 0.0097 0.0720  0.0982

Male (n = 2115) 0.1923 £ 0.0033 0.0632  0.0937
Non-Hispanic white (n = 578)  0.1775 £ 0.0045 0.0577  0.0873
Non-Hispanic black (n = 726) 0.2139 £ 0.0056 0.0809  0.1139
Mexican American (n = 710) 0.2540 £+ 0.0080 0.0891 0.1227
Other (n = 101) 0.2189 £0.0112 0.0853  0.1073

Female (n = 2116) 0.1890 + 0.0039 0.0685  0.0922
Non-Hispanic white (n = 580)  0.1774 £ 0.0047 0.0645  0.0874
Non-Hispanic black (n = 716) 0.2067 + 0.0055 0.0812  0.1125
Mexican American (n = 723) 0.2495 £ 0.0078 0.0939  0.1311
Other (n =97) 0.1877 £0.0129 0.0684  0.0870

Age (y)

6-7 (n = 839)
8-11 (n=1753)
12-16 (n = 1639)

Poverty-income ratio
<1.3 (n =2100)
>1.3-3.5 (n=1704)

0.2110 +0.0052 0.0838  0.1103
0.2027 + 0.0044 0.0737  0.1016
0.1725 +£0.0037 0.0579  0.0818

0.1943 +0.0053 0.0689  0.0943
0.1841 +0.0032 0.0645  0.0918

>3.5 (n=427) 0.2007 £ 0.0092 0.0643  0.0950
BMI (percentile)
<15 (n=378) 0.2142 £ 0.0077 0.0741  0.1119

16-84 (n = 2645)
85-94 (n = 629)
>95 (n = 579)

0.1985 +£0.0033 0.0710  0.0973
0.1703 +0.0054 0.0661  0.0859
0.1532 +0.0054 0.0499  0.0724

0.1114  0.1527  0.2298  0.2724 03799  0.0200 1.9500
0.1041 0.1382 02108  0.2486  0.3506  0.0200 1.2700
0.1323 0.1788  0.2443  0.2940  0.4076  0.0200 0.8700
0.1476 ~ 0.2180  0.3037  0.3610  0.4951  0.0400 1.9500
0.1187  0.1735  0.2416  0.3163  0.3658  0.0500 0.9600
0.1118  0.1534  0.2308  0.2823  0.3848  0.0200 1.9500
0.1040  0.1381  0.2112  0.2493  0.3474  0.0200 1.2700
0.1327  0.1835  0.2452  0.3023  0.4231  0.0200 0.8700
0.1460  0.2115 0.3137  0.3659  0.5152  0.0400 1.9500
0.1405 0.1750  0.2666  0.3348  0.3962  0.0500 0.9200
0.1111 0.1519 02290 0.2636  0.3745  0.0500 0.9800
0.1042  0.1385  0.2101  0.2476  0.3565  0.0500 0.6300
0.1319  0.1743  0.2434  0.2863  0.3902  0.0500 0.7200
0.1491 02236 02939  0.3559  0.4568  0.0500 0.9800
0.1096  0.1678  0.2202  0.2485  0.3422  0.0500 0.9600

0.1310  0.1796  0.2450  0.2918  0.3889  0.0500 1.0100
0.1213 0.1691  0.2421  0.2848  0.4175  0.0200 1.9500
0.0987  0.1352  0.1970  0.2474  0.3460  0.0400 1.2700

0.1146  0.1579  0.2309  0.2888  0.3849  0.0500 1.0100
0.1079  0.1503  0.2217  0.2539  0.3501  0.0200 1.9500
0.1145 0.1512 02436 0.3149 04236  0.0400 1.2700

0.1311 0.1904  0.2483  0.2982  0.3631  0.0200 1.9500
0.1171 0.1606  0.2400  0.2840  0.3946  0.0200 1.2700
0.1006  0.1352  0.1896  0.2401  0.3624  0.0500 0.7800
0.0924  0.1262  0.1677 02185  0.3099  0.0400 0.8500

> 10 mg/L; and those with liver enzymes > 2 times the upper nor-
mal limit. With few exceptions, the differences between the
median concentrations of this sample and those of the full sample
were < 5% (data not shown).

In multiple linear regression analyses of log-transformed
carotenoid concentrations among children and adolescents aged
6—16 y that included age, sex, race or ethnicity, poverty-income
ratio, body mass index status, HDL- and non-HDL-cholesterol
concentrations, and C-reactive protein concentration, only HDL-
and non-HDL-cholesterol concentrations were directly related to
all carotenoid concentrations (Table 6). Age and body mass
index status were inversely related to the concentrations of all
carotenoids except lycopene. African American children and ado-
lescents had significantly lower a-carotene and significantly
higher 3-cryptoxanthin, lutein and zeaxanthin, and lycopene con-
centrations than did white children and adolescents. Mexican
American children and adolescents had significantly higher
a-carotene, 3-cryptoxanthin, and lutein and zeaxanthin concen-
trations but significantly lower lycopene concentrations than did
white children. The poverty-income ratio was directly associated
with a-carotene concentrations. C-reactive protein concentra-
tions were inversely related to [3-carotene, lutein and zeaxanthin,
and lycopene concentrations. Cotinine concentrations were
inversely related to a-carotene, (3-carotene, and B-cryptoxanthin
concentrations.

To further explore the associations between cotinine concen-
trations and carotenoid concentrations, we restricted analyses

to children with a cotinine concentration < 15 ng/mL, which is
the concentration considered to separate people who smoke
from those who are exposed to environmental tobacco smoke
only (n =3699). In multiple linear regression models with coti-
nine entered as a continuous variable, significant inverse asso-
ciations were noted for B-carotene and (3-cryptoxanthin con-
centrations (a-carotene: 3 = —0.01734, P = 0.099; B-carotene:
B = —0.02352, P < 0.001; B-cryptoxanthin: 3 = —0.02480,
P = 0.002; lutein and zeaxanthin: 3 = 0.00699, P = 0.335; and
lycopene: B = —0.0651, P = 0.348). Similar results were found
when quartiles of cotinine concentration were entered in these
models.

Information about fruit and vegetable intake was requested
only from the children and adolescents aged 12—-16 y. Using
multiple linear regression models that included the same set of
covariates listed in Table 6, as well as physical activity and
fruit and vegetable intake (n = 1415), we found significant pos-
itive associations between fruit and vegetable intake and the
concentrations of all carotenoids except lycopene (a-carotene:
3 =0.00532, P = 0.007; B-carotene: B = 0.00469, P < 0.001;
B-cryptoxanthin: B = 0.00496, P < 0.001; lutein and zeaxan-
thin: g =0.00304, P <0.001; and lycopene: 3 = —0.0032, P = 0.667).
Because tomatoes are a rich source of lycopene, we examined
the association between the frequency of tomato consumption
during the previous 30 d and lycopene concentrations (n = 1427)
and found no significant relations in univariate and multivariate
linear regression models.
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TABLE 4

Distribution of serum lutein and zeaxanthin concentrations among children and adolescents aged 6—16 y who participated in the third National Health and

Nutrition Examination Survey, 1988-1994

Percentile
X+ SE 5th 15th 25th 50th 75th 85th 95th  Minimum Maximum
umol/L umol/L umol/L umol/L
Total (n = 4231) 0.3122+0.0055 0.1396  0.1837  0.2097 0.2801  0.3682  0.4143  0.5479  0.0700 1.7400
Non-Hispanic white (n = 1158)  0.2911 £0.0058  0.1313  0.1758  0.1944  0.2586  0.3381  0.3912  0.5113  0.0700 1.0200
Non-Hispanic black (n = 1442)  0.3894 £0.0072  0.1864  0.2387 02728 0.3565 0.4517 0.5176  0.6856  0.1100 1.7400
Mexican American (n = 1433) 0.3294 +£0.0083  0.1546  0.1970  0.2310  0.3000 0.3869  0.4543  0.5670  0.0900 0.9700
Other (n = 198) 0.3318 £0.0192  0.1810  0.2140  0.2402  0.3107 0.3934 04421 0.5386  0.1100 0.8300
Male (n = 2115) 0.3160 +0.0054  0.1391  0.1834  0.2087 0.2796 03742  0.4250 0.5841  0.0700 1.7400
Non-Hispanic white (n = 578) 0.2933 +£0.0066  0.1310  0.1750  0.1929  0.2567  0.3412  0.3939  0.5262  0.0700 1.0200
Non-Hispanic black (n = 726) 0.3900 £ 0.0078  0.1818  0.2370  0.2721  0.3569  0.4474  0.5146  0.6918  0.1200 1.7400
Mexican American (n = 710) 0.3376 +£0.0089  0.1516 02042  0.2366  0.3020  0.3998  0.4745  0.5736  0.0900 0.9700
Other (n = 101) 0.3568 +0.0166  0.1876 02174  0.2472  0.3236  0.4391 04818 0.5778  0.1100 0.8300
Female (n = 2116) 0.3080 £ 0.0071  0.1404  0.1841  0.2108 0.2807 0.3612  0.4044  0.5295  0.0900 1.1600
Non-Hispanic white (n = 580) 0.2886 +0.0070  0.1316  0.1767  0.1960  0.2622  0.3346  0.3859  0.4866  0.0900 0.9300
Non-Hispanic black (n = 716) 0.3888 +£0.0086  0.1928  0.2400 0.2736  0.3561  0.4558  0.5198  0.6673  0.1100 1.1600
Mexican American (n = 723) 0.3213+£0.0090 0.1594  0.1910 0.2252  0.2971 03765 04215 0.5565  0.1100 0.8600
Other (n = 97) 0.3065 +0.0236  0.1578  0.2025  0.2380  0.2825  0.3569  0.4035 0.4516  0.1200 0.5800
Age (y)
6-7 (n = 839) 0.3357£0.0075  0.1777  0.2000  0.2384  0.3031  0.3958 04548  0.5752  0.1100 1.0500
8-11 (n=1753) 0.3412+0.0072  0.1684 02010  0.2441  0.3153 03940 0.4571  0.5937  0.0900 1.7400
12-16 (n = 1639) 0.2783 +£0.0057 0.1235 0.1649  0.1864  0.2477 03267 0.3784  0.4725  0.0700 1.1800
Poverty-income ratio
<1.3 (n =2100) 0.3295 +0.0077  0.1504  0.1902  0.2270  0.2944  0.3900  0.4518  0.5984  0.0900 1.7400
>1.3-3.5 (n=1704) 0.3052 +0.0055 0.1340  0.1801  0.2039  0.2743 03603  0.4043  0.5330  0.0700 1.0700
>3.5 (n=427) 0.3025+0.0111  0.1374  0.1840  0.2026  0.2719  0.3535 0.3980 0.5117  0.0900 0.9300
BMI (percentile)
<15 (n=378) 0.3350 £ 0.0124  0.1396  0.2029  0.2437  0.3131  0.4000 0.4360  0.5753  0.0900 0.9000
16-84 (n =2645) 0.3164 £0.0059 0.1470  0.1866  0.2154  0.2846  0.3679 04162  0.5665  0.0700 1.2000
85-94 (n = 629) 0.2970+0.0079  0.1194  0.1752  0.1892  0.2690  0.3578  0.3990  0.5127  0.0900 1.7400
>95 (n=579) 0.2896 +0.0082  0.1251  0.1684  0.1902  0.2540  0.3379  0.3988  0.5234  0.0900 0.8300
DISCUSSION In the 1989-1991 Continuing Surveys of Food Intakes by Indi-

Carotenoids endow the plant world with much of its vibrancy.
Fortunately, these compounds also have biological actions that
may be important in maintaining health and staving off disease.
Because little is known about the descriptive epidemiology of
serum carotenoid concentrations in children and adolescents, we
examined the serum concentrations of 5 carotenoids in a repre-
sentative sample of US children and adolescents aged 616 y. The
NHANES III data show that serum carotenoid concentrations are
not uniformly distributed among children and adolescents. The
highest total carotenoid concentrations occurred among African
American children and adolescents, and overweight children and
adolescents had the lowest concentrations. In general, the patterns
among children and adolescents reported here corresponded rea-
sonably well to those of the adults in this data set (22).

Because the carotenoid concentration distributions described in
this article are the only national data to date, they could serve as
reference ranges for US children and adolescents. Unfortunately,
good dietary data for the younger participants were unavailable,
which prevented us from examining distributions among children
meeting current recommendations for fruit and vegetable intake.
Examining the distributions of carotenoid concentrations among
children eating sufficient quantities of fruit and vegetables would
provide more optimal reference ranges.

Fruit and vegetables are the main sources of carotenoids, and it
is not surprising that carotenoid concentrations were lowest in
groups that are known to eat the least amount of fruit and vegetables.

viduals, age was inversely associated with fruit intake and directly
associated with vegetable intake, sex and race or ethnicity were
unrelated to fruit and vegetable intake, and socioeconomic status
was directly associated with fruit intake but not vegetable intake
among children and adolescents aged 2-18 y (29, 30). In the
Nationwide Food Consumption Surveys of 1977-1978 and
1987-1988, fiber intake from fruit and vegetables was higher
among young males than among young females, and age was
directly related to vegetable intake but not fruit intake among chil-
dren and adolescents aged 2—18 y (31). In a large study of chil-
dren and adolescents aged 8—17 y, the sex and race or ethnicity
patterns of fruit and vegetable intake varied geographically (32).
Strauss (33) reported that concentrations of a-carotene and
[3-carotene were lower among obese children and adolescents than
among nonobese children and adolescents in NHANES III. Our
results extend these observations to 3-cryptoxanthin and lutein and
zeaxanthin. Lycopene concentrations were not associated with body
mass index, however. Although the fruit and vegetable intake of
most children is less than the recommended intake, Strauss reported
that obese and nonobese children and adolescents aged 12-18 y
reported similar fruit and vegetable intake in NHANES III.
Studies of adults have shown relations between carotenoid con-
centrations, particularly (3-carotene concentrations, and age, sex,
socioeconomic status (education and income), marital status,
smoking status, cholesterol concentrations, HDL-cholesterol con-
centrations, C-reactive protein concentrations, glucose tolerance
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Distribution of serum lycopene concentrations among children and adolescents aged 6-16 y who participated in the third National Health and Nutrition

Examination Survey, 1988—1994

Percentile
X+ SE Sth 15th 25th 50th 75th 85th 95th  Minimum Maximum
umol/L umol/L umol/L umol/L
Total (n = 4231) 0.4545+0.0061  0.1953  0.2608  0.3169  0.4202  0.5512  0.6263  0.7936  0.0200 1.7100
Non-Hispanic white (n = 1158)  0.4472+0.0082 0.1966  0.2584  0.3087  0.4114 05415 0.6211  0.7714  0.0200 1.4900
Non-Hispanic black (n = 1442)  0.5140 £0.0084  0.2133 03087 03576 04760 0.6142  0.7087  0.9031  0.0700 1.7100
Mexican American (n = 1433) 0.4063 £0.0113  0.1610  0.2212  0.2699 03704 04982  0.5679 0.7116  0.0400 1.1600
Other (n = 198) 0.4582+0.0191  0.2042  0.2689  0.3433  0.4295 0.5538 0.6064 0.7652  0.0900 1.3600
Male (n = 2115) 0.4628 £0.0097  0.1968  0.2651  0.3269  0.4296  0.5606  0.6366  0.8097  0.0400 1.7100
Non-Hispanic white (n = 578) 0.4563 £0.0136  0.1980  0.2604  0.3137  0.4232  0.5566  0.6326  0.8031  0.0400 1.1700
Non-Hispanic black (n = 726) 0.5241 £0.0103  0.2240  0.3200  0.3747 0.4831 0.6161  0.7015 0.9086  0.0700 1.7100
Mexican American (n = 710) 04197 £0.0214  0.1558 0.2295 0.2741 03840  0.5213  0.6000  0.7289  0.0700 1.1400
Other (n = 101) 0.4556 £0.0206  0.1942  0.3189  0.3492  0.4258 04978  0.6078  0.7182  0.0900 1.0400
Female (n = 2116) 0.4453 £0.0058  0.1928  0.2552  0.3088  0.4063 0.5415 0.6147  0.7807  0.0200 1.6600
Non-Hispanic white (n = 580) 0.4368 £0.0074  0.1937  0.2560  0.3057  0.3987  0.5241  0.6087  0.7549  0.0200 1.4900
Non-Hispanic black (n = 716) 0.5037 £0.0107  0.1991  0.3002  0.3450  0.4684  0.6113  0.7150 0.8899  0.1100 1.6600
Mexican American (n = 723) 0.3929 +£0.0077  0.1630  0.2094  0.2635 0.3579  0.4772  0.5419  0.6711  0.0400 1.1600
Other (n =97) 0.4608 £0.0281  0.2078  0.2410  0.3215  0.4242  0.5684  0.6055 0.8417  0.0900 1.3600
Age (y)
6-7 (n = 839) 0.4554 £0.0128  0.1671  0.2498  0.3152  0.4232 05563  0.6545 0.7793  0.0200 1.3600
811 (n=1753) 0.4632+£0.0063  0.1972  0.2706  0.3336  0.4296  0.5562  0.6254  0.8142  0.0400 1.7100
12-16 (n = 1639) 0.4466 £ 0.0097  0.2000  0.2557  0.3040  0.4093  0.5446  0.6196  0.7802  0.0400 1.4900
Poverty-income ratio
<1.3 (n=2100) 0.4470+£0.0075 0.1916  0.2605  0.3182  0.4139  0.5289  0.6085  0.7999  0.0400 1.7100
>1.3-3.5 (n = 1704) 0.4702 £0.0096  0.2023  0.2683  0.3253  0.4382  0.5703  0.6523  0.8231  0.0400 1.5600
>3.5 (n=427) 0.4286 +£0.0125  0.1794  0.2375  0.3004 0.3920 0.5318  0.6097  0.7345  0.0200 0.9900
BMI (percentile)
<15 (n=378) 0.4486 +0.0140  0.1901  0.2539  0.3067  0.4146  0.5670  0.6057  0.7367  0.0400 1.6600
16-84 (n =2645) 0.4583 £0.0069  0.1938  0.2600  0.3176  0.4237 05592  0.6430  0.8044  0.0200 1.5600
85-94 (n = 629) 0.4551+£0.0136  0.2069  0.2655  0.3255  0.4187  0.5438  0.6114  0.8035  0.0400 1.7100
295 (n=579) 0.4355+0.0114 0.1996  0.2634  0.3144  0.4143 05010 0.5909 0.7542  0.0700 1.4000

status, insulin resistance, alcohol use, body mass index, fat-free
mass, physical activity, fruit and vegetable intake, and use of
dietary supplements (15, 19, 22, 34-69). Little is known about
such relations in children and adolescents, however. In a study of
French children and adolescents aged 1015 y (263 males and 246
females), plasma cholesterol concentrations were positively
related and triacylglycerol concentrations and body fat were
inversely related to plasma (3-carotene concentrations (70).
a-Carotene, [3-carotene, [3-cryptoxanthin, lutein, and lycopene con-
centrations were examined in 2 small studies of 10 and 50 children,
respectively (71, 72). Among 97 children aged 6-10 y in Georgia,
the sum of the a-carotene, 3-carotene, and B-cryptoxanthin con-
centrations was higher among the girls than among the boys, was
higher among the African American children than among the
white children, and increased with age (73). Among 467 Aus-
tralian children, the mean [-carotene concentration was
0.30 pwmol/L, and -carotene concentrations were similar in the
boys and the girls (74). In a study of 70 children, African Ameri-
can children had higher median concentrations of (3-carotene and
lycopene than did white children, but only the difference in
lycopene concentrations was significant (75). In an intervention
study of 41 Chinese children, increased vegetable consumption
favorably affected serum concentrations of several carotenoids
(76). Very recently, a study of 285 children and adolescents in 3
US cities found significant associations between carotenoid con-
centrations and race or ethnicity, obesity, and dietary intakes that

were consistent with our findings (77). The NHANES III data
showed that carotenoid concentrations were related to age, race or
ethnicity, poverty-income ratio, body mass index, serum lipid con-
centrations, C-reactive protein concentrations, cotinine concen-
trations, and fruit and vegetable intake in children and adolescents.

Several studies in adults have shown inverse associations
between circulating concentrations of carotenoids and markers
of inflammation such as C-reactive protein concentrations (68,
78-84). We believe that our results are the first to show this
inverse association in a representative sample of US children
and adolescents. In addition, concentrations of serum retinol
and C-reactive protein are also inversely related (85). Although
the directionality of associations in cross-sectional studies is
difficult to discern, the more likely explanation for our findings
is that underlying sources of inflammation, represented by ele-
vated C-reactive protein concentrations, result in decreased
concentrations of various circulating antioxidants including
carotenoids.

The importance for children and adolescents of having adequate
body stores of carotenoids has not been shown. In adults, how-
ever, inadequate intakes or concentrations of carotenoids have
been linked to increased all-cause mortality and risk of various
chronic conditions. Because many of these conditions have their
roots in childhood, it seems reasonable to assume that adequate
carotenoid concentrations in youth, achieved mainly by sufficient
consumption of fruit and vegetables, may promote better health
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in adulthood. The unique results of the present study should pro-
vide researchers and clinicians with a better understanding of the
distributions and sociodemographic patterns of serum carotenoid
concentrations in US children and adolescents. Furthermore, the
results of the present study enabled us to identify several deter-
minants of serum carotenoid concentrations, such as excess
weight, exposure to environmental tobacco smoke, and inadequate
fruit and vegetable consumption, that are amenable to clinical and
public health interventions. ]

REFERENCES

1.

10.

11.

12.

16.

17.

18.

Ness AR, Powles JW. Fruit and vegetables, and cardiovascular dis-
ease: a review. Int J Epidemiol 1997;26:1-13.

. Law MR, Morris JK. By how much does fruit and vegetable con-

sumption reduce the risk of ischaemic heart disease? Eur J Clin Nutr
1998;52:549-56.

. Steinmetz KA, Potter JD. Vegetables, fruit, and cancer. I. Epidemiol-

ogy. Cancer Causes Control 1991;2:325-57.

. Block G, Patterson B, Subar A. Fruit, vegetables, and cancer pre-

vention: a review of the epidemiological evidence. Nutr Cancer 1992;
18:1-29.

. Ford ES, Mokdad AH. Fruit and vegetable consumption and diabetes

mellitus incidence among U.S. adults. Prev Med 2001;32:33-9.

. Cavadini C, Siega-Riz AM, Popkin BM. US adolescent food intake

trends from 1965 to 1996. Arch Dis Child 2000;83:18-24.

. LiR, Serdula M, Bland S, Mokdad A, Bowman B, Nelson D. Trends

in fruit and vegetable consumption among adults in 16 US states:
Behavioral Risk Factor Surveillance System, 1990-1996. Am J Pub-
lic Health 2000;90:777-81.

. Olson JA, Krinsky NI. Introduction: the colorful, fascinating world

of the carotenoids: important physiologic modulators. FASEB J 1995;
9:1547-50.

. De Waart F, Schouten E, Stalenhoef A, Kok F. Serum carotenoids,

alpha-tocopherol and mortality risk in a prospective study among
Dutch elderly. Int J Epidemiol 2001;30:136—43.

Gey KF, Moser UK, Jordan P, Stihelin HB, Eichholzer M, Liidin E.
Increased risk of cardiovascular disease at suboptimal plasma con-
centrations of essential antioxidants: an epidemiological update with
special attention to carotene and vitamin C. Am J Clin Nutr 1993;
57(suppl):787S-97S.

Morris DL, Kritchevsky SB, Davis CE. Serum carotenoids and coro-
nary heart disease. The Lipid Research Clinics Coronary Primary Pre-
vention Trial and Follow-up Study. JAMA 1994;272:1439-41.
Street DA, Comstock GW, Salkeld RM, Schuep W, Klag MJ. Serum
antioxidants and myocardial infarction. Are low levels of carotenoids
and alpha-tocopherol risk factors for myocardial infarction? Circula-
tion 1994;90:1154-61.

. Singh RB, Ghosh S, Niaz M, et al. Dietary intake, plasma levels of

antioxidant vitamins, and oxidative stress in relation to coronary
artery disease in elderly subjects. Am J Cardiol 1995;76:1233-8.

. Kohlmeier L, Kark JD, Gomez-Gracia E, et al. Lycopene and myocardial

infarction risk in the EURAMIC study. Am J Epidemiol 1997;146:618-26.

. Ford ES, Giles WH. Serum vitamins, carotenoids, and angina pec-

toris: findings from the National Health and Nutrition Examination
Survey III. Ann Epidemiol 2000;10:106—16.

Hirvonen T, Virtamo J, Korhonen P, Albanes D, Pietinen P. Intake of
flavonoids, carotenoids, vitamins C and E, and risk of stroke in male
smokers. Stroke 2000;31:2301-6.

Liu S, Lee IM, Ajani U, Cole SR, Buring JE, Manson JE. Intake of
vegetables rich in carotenoids and risk of coronary heart disease in
men: The Physicians” Health Study. Int J Epidemiol 2001;30:130-5.
Ziegler RG. Vegetables, fruits, and carotenoids and the risk of can-
cer. Am J Clin Nutr 1991;53(suppl):251S-9S.

. Ford ES, Will JC, Bowman BA, Narayan KM. Diabetes mellitus

and serum carotenoids: findings from the Third National Health

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

and Nutrition Examination Survey. Am J Epidemiol 1999;149:
168-76.

Facchini FS, Humphreys MH, DoNascimento CA, Abbasi F, Reaven GM.
Relation between insulin resistance and plasma concentrations of
lipid hydroperoxides, carotenoids, and tocopherols. Am J Clin Nutr
2000;72:776-9.

Rao AV, Agarwal S. Role of antioxidant lycopene in cancer and heart
disease J Am Coll Nutr 2000;19:563-9.

Ford ES. Variations in serum carotenoid concentrations among United
States adults by ethnicity and sex. Ethn Dis 2000;10:208-17.
National Center for Health Statistics. Plan and operation of the third
National Health and Nutrition Examination Survey, 1988-94. Vital
Health Stat 1 1994;32.

Centers for Disease Control and Prevention. The Third National
Health and Nutrition Examination Survey (NHANES III 1988-94)
reference manuals and reports. Bethesda, MD: National Center for
Health Statistics, 1996 (CD-ROM).

Gunter EW, Lewis SM, Koncikowski SM. Laboratory procedures
used for the Third National Health and Nutrition Examination Sur-
vey (NHANES III), 1988-1994. Atlanta: USDHHS/PHS/CDC, 1996.
Sowell AL, Huff DL, Yeager PR, Caudill SP, Gunter EW. Retinol,
a-tocopherol, lutein/zeaxanthin, B-cryptoxanthin, lycopene,
a-carotene, trans-(-carotene, and four retinyl esters in serum deter-
mined simultaneously by reversed phase HPLC with multiwavelength
detection. Clin Chem 1994;40:411-6.

Kuczmarski RJ, Ogden CL, Grummer-Strawn LM, et al. CDC growth
charts: United States. Adv Data 2000;8:1-27.

Shah BV, Barnwell BG, Bieler GS. SUDAAN user’s manual, version
7.5. Research Triangle Park, NC: Research Triangle Institute, 1997.
Krebs-Smith SM, Cook A, Subar AF, Cleveland L, Friday J, Kahle LL.
Fruit and vegetable intakes of children and adolescents in the United
States. Arch Pediatr Adolesc Med 1996;150:81-6.

Munoz KA, Krebs-Smith SM, Ballard-Barbash R, Cleveland LE.
Food intakes of US children and adolescents compared with recom-
mendations. Pediatrics 1997;100:323-9.

Saldanha LG. Fiber in the diet of US children: results of national sur-
veys. Pediatrics 1995;96:994-7.

Reynolds KD, Baranowski T, Bishop DB, et al. Patterns in child and
adolescent consumption of fruit and vegetables: effects of gender and
ethnicity across four sites. J Am Coll Nutr 1999;18:248-54.

Strauss RS. Comparison of serum concentrations of alpha-tocopherol
and beta-carotene in a cross-sectional sample of obese and nonobese
children (NHANES III). National Health and Nutrition Examination
Survey. J Pediatr 1999;134:160-5.

Aoki K, Ito 'Y, Sasaki R, Ohtani M, Hamajima N, Asano A. Smoking,
alcohol drinking and serum carotenoids levels. Jpn J Cancer Res
1987;78:1049-56.

Kaplan LA, Stein EA, Willett WC, Stampfer MJ, Stryker WS. Refer-
ence ranges of retinol, tocopherols, lycopene and alpha- and beta-
carotene in plasma by simultaneous high-performance liquid chro-
matographic analysis. Clin Physiol Biochem 1987;5:297-304.
Kergoat MJ, Leclerc BS, PetitClerc C, Imbach A. Determinants of
total serum carotene concentrations in institutionalized elderly. J Am
Geriatr Soc 1988;36:430-6.

Roidt L, White E, Goodman GE, et al. Association of food frequency
questionnaire estimates of vitamin A intake with serum vitamin A
levels. Am J Epidemiol 1988;128:645-54.

Stryker WS, Kaplan LA, Stein EA, Stampfer MJ, Sober A, Willett WC.
The relation of diet, cigarette smoking, and alcohol consumption to
plasma beta-carotene and alpha-tocopherol levels. Am J Epidemiol
1988;127:283-96.

Herbeth B, Chavance M, Musse N, Mejean L, Vernhes G. Dietary
intake and other determinants of blood vitamins in an elderly popu-
lation. Eur J Clin Nutr 1989;43:175-86.

Nierenberg DW, Stukel TA, Baron JA, Dain BJ, Greenberg ER.
Determinants of plasma levels of beta-carotene and retinol. Skin

9102 ‘8T Jaquiadaq uo 1sanb Aq Bio uoniinu-uale woiy papeojumod


http://ajcn.nutrition.org/

@ The American Journal of Clinical Nutrition

826

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

FORD ET AL

Cancer Prevention Study Group. Am J Epidemiol 1989;130:
511-21.

Shibata A, Sasaki R, Ito Y, et al. Serum concentration of beta-carotene
and intake frequency of green-yellow vegetables among healthy
inhabitants of Japan. Int J Cancer 1989;44:48-52.

Tto Y, Ochiai J, Sasaki R, et al. Serum concentrations of carotenoids,
retinol, and alpha-tocopherol in healthy persons determined by high-
performance liquid chromatography. Clin Chim Acta 1990;194:
131-44.

Suzuki S, Sasaki R, Ito Y, et al. Changes in serum concentrations of
beta-carotene and changes in the dietary intake frequency of green-
yellow vegetables among healthy male inhabitants of Japan. Jpn J
Cancer Res 1990;81:463-9.

Bolton-Smith C, Casey CE, Gey KF, Smith WC, Tunstall-Pedoe H.
Antioxidant vitamin intakes assessed using a food-frequency ques-
tionnaire: correlation with biochemical status in smokers and non-
smokers. Br J Nutr 1991;65:337-46.

Ito Y, Shima Y, Ochiai J, et al. Effects of the consumption of ciga-
rettes, alcohol and foods on serum concentrations of carotenoids,
retinol and tocopherols in healthy inhabitants living in a rural area of
Hokkaido. Nippon Eiseigaku Zasshi 1991;46:874-82.

Ascherio A, Stampfer MJ, Colditz GA, Rimm EB, Litin L, Willett WC.
Correlations of vitamin A and E intakes with the plasma concentra-
tions of carotenoids and tocopherols among American men and
women. J Nutr 1992;122:1792-801.

Jarvinen R, Knekt P, Seppanen R, Heinonen M, Aaran RK. Dietary
determinants of serum beta-carotene and serum retinol. Eur J Clin
Nutr 1993;47:31-41.

Campbell DR, Gross MD, Martini MC, Grandits GA, Slavin JL,
Potter JD. Plasma carotenoids as biomarkers of vegetable and fruit
intake. Cancer Epidemiol Biomarkers Prev 1994;3:493-500.

Hebert JR, Hurley TG, Hsieh J, et al. Determinants of plasma vita-
mins and lipids: the Working Well Study. Am J Epidemiol 1994;140:
132-47.

Lecomte E, Grolier P, Herbeth B, et al. The relation of alcohol con-
sumption to serum carotenoid and retinol levels. Effects of with-
drawal. Int J Vitam Nutr Res 1994;64:170-5.

Peng YM, Peng YS, Lin Y, Moon T, Roe DJ, Ritenbaugh C. Concen-
trations and plasma-tissue-diet relationships of carotenoids, retinoids,
and tocopherols in humans. Nutr Cancer 1995;23:233-46.

Buiatti E, Munoz N, Kato I, et al. Determinants of plasma anti-oxidant
vitamin levels in a population at high risk for stomach cancer. Int J
Cancer 1996;65:317-22.

Fukao A, Tsubono Y, Kawamura M, et al. The independent associa-
tion of smoking and drinking with serum beta-carotene levels among
males in Miyagi, Japan. Int J Epidemiol 1996;25:300-6.

Margetts BM, Jackson AA. The determinants of plasma beta-
carotene: interaction between smoking and other lifestyle factors. Eur
J Clin Nutr 1996;50:236-8.

Virtanen SM, van’t Veer P, Kok F, Kardinaal AF, Aro A. Predictors of
adipose tissue carotenoid and retinol levels in nine countries. The
EURAMIC Study. Am J Epidemiol 1996;144:968-79.

Drewnowski A, Rock CL, Henderson SA, et al. Serum beta-carotene
and vitamin C as biomarkers of vegetable and fruit intakes in a com-
munity-based sample of French adults. Am J Clin Nutr 1997;65:
1796-802.

Kitamura Y, Tanaka K, Kiyohara C, et al. Relationship of alcohol use,
physical activity and dietary habits with serum carotenoids, retinol
and alpha-tocopherol among male Japanese smokers. Int J Epidemiol
1997;26:307-14.

Vogel S, Contois JH, Tucker KL, Wilson PW, Schaefer EJ, Lammi-Keefe CJ.
Plasma retinol and plasma and lipoprotein tocopherol and carotenoid
concentrations in healthy elderly participants of the Framingham
Heart Study. Am J Clin Nutr 1997;66:950-8.

Zhu Y1, Hsieh WC, Parker RS, et al. Evidence of a role for fat-free
body mass in modulation of plasma carotenoid concentrations in

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

older men: studies with hydrodensitometry. J Nutr 1997;127:
321-6.

Berr C, Coudray C, Bonithon-Kopp C, Roussel AM, Mainard F,
Alperovitch A. Demographic and cardiovascular risk factors in rela-
tion to antioxidant status: the EVA Study. Int J Vitam Nutr Res 1998;
68:26-35.

Bates CJ, Prentice A, Cole TJ, et al. Micronutrients: highlights and
research challenges from the 1994-5 National Diet and Nutrition Sur-
vey of people aged 65 years and over. Br J Nutr 1999;82:7-15.
Mayne ST, Cartmel B, Silva F, et al. Plasma lycopene concentrations
in humans are determined by lycopene intake, plasma cholesterol
concentrations and selected demographic factors. J Nutr 1999;129:
849-54.

McEligot AJ, Rock CL, Flatt SW, Newman V, Faerber S, Pierce JP.
Plasma carotenoids are biomarkers of long-term high vegetable intake
in women with breast cancer. J Nutr 1999;129:2258-63.
Mulholland CW, Elwood PC, Davis A, et al. Antioxidant enzymes,
inflammatory indices and lifestyle factors in older men: a cohort
analysis. Q J Med 1999;92:579-85.

Rock CL, Thornquist MD, Kristal AR, et al. Demographic, dietary
and lifestyle factors differentially explain variability in serum
carotenoids and fat-soluble vitamins: baseline results from the sen-
tinel site of the Olestra Post-Marketing Surveillance Study. J Nutr
1999;129:855-64.

Root MM, Hu J, Stephenson LS, Parker RS, Campbell TC. Determi-
nants of plasma retinol concentrations of middle-aged women in rural
China. Nutrition 1999;15:101-7.

Broekmans WM, Klopping-Ketelaars IA, Schuurman CR, et al. Fruits
and vegetables increase plasma carotenoids and vitamins and
decrease homocysteine in humans. J Nutr 2000;130:1578-83.
Kritchevsky SB, Bush AJ, Pahor M, Gross MD. Serum carotenoids
and markers of inflammation in nonsmokers. Am J Epidemiol 2000;
152:1065-71.

Strain JJ, Elwood PC, Davis A, et al. Frequency of fruit and vegetable
consumption and blood antioxidants in the Caerphilly cohort of older
men. Eur J Clin Nutr 2000;54:828-33.

Herbeth B, Spyckerelle Y, Deschamps JP. Determinants of plasma
retinol, beta-carotene, and alpha-tocopherol during adolescence. Am
J Clin Nutr 1991;54:884-9.

Homnick DN, Cox JH, DeLoof MJ, Ringer TV. Carotenoid levels in
normal children and in children with cystic fibrosis. J Pediatr 1993;
122:703-7.

Das BS, Thurnham DI, Das DB. Plasma alpha-tocopherol, retinol,
and carotenoids in children with falciparum malaria. Am J Clin Nutr
1996;64:94-100.

Byers T, Treiber F, Gunter E, et al. The accuracy of parental reports
of their children’s intake of fruits and vegetables: validation of a food
frequency questionnaire with serum levels of carotenoids and vita-
mins C, A, and E. Epidemiology 1993;4:350-5.

Karr M, Mira M, Causer J, et al. Plasma and serum micronutrient con-
centrations in preschool children. Acta Paediatr 1997;86:677-82.
Spannaus-Martin DJ, Cook LR, Tanumihardjo SA, Duitsman PK,
Olson JA. Vitamin A and vitamin E statuses of preschool children of
socioeconomically disadvantaged families living in the midwestern
United States. Eur J Clin Nutr 1997;51:864-9.

Tang G, Gu X, Hu S, et al. Green and yellow vegetables can maintain
body stores of vitamin A in Chinese children. Am J Clin Nutr 1999;
70:1069-76.

Neuhouser ML, Rock CL, Eldridge AL, et al. Serum concentrations
of retinol, alpha-tocopherol and the carotenoids are influenced by
diet, race and obesity in a sample of healthy adolescents. J Nutr 2001;
131:2184-91.

Louw JA, Werbeck A, Louw ME, Kotze TJ, Cooper R, Labadarios D.
Blood vitamin concentrations during the acute-phase response. Crit
Care Med 1992;20:934-41.

Boosalis MG, Snowdon DA, Tully CL, Gross MD. Acute phase

9102 ‘8T Jaquiadaq uo 1sanb Aq Bio uoniinu-uale woiy papeojumod


http://ajcn.nutrition.org/

@ The American Journal of Clinical Nutrition

80.

81.

82.

CAROTENOIDS IN US CHILDREN AND ADOLESCENTS 827

response and plasma carotenoid concentrations in older women: find-
ings from the nun study. Nutrition 1996;12:475-8.

Talwar D, Ha TK, Scott HR, et al. Effect of inflammation on meas-
ures of antioxidant status in patients with non-small cell lung cancer.
Am J Clin Nutr 1997;66:1283-5.

Sattar N, Scott HR, McMillan DC, Talwar D, O’Reilly DS, Fell GS.
Acute-phase reactants and plasma trace element concentrations in
non-small cell lung cancer patients and controls. Nutr Cancer 1997;
28:308-12.

Curran FJ, Sattar N, Talwar D, Baxter JN, Imrie CW. Relationship of
carotenoid and vitamins A and E with the acute inflammatory
response in acute pancreatitis. Br J Surg 2000;87:301-5.

83.

84.

85.

McMillan DC, Sattar N, Talwar D, O’Reilly DS, McArdle CS.
Changes in micronutrient concentrations following anti-inflammatory
treatment in patients with gastrointestinal cancer. Nutrition 2000;16:
425-8.

Erlinger TP, Guallar E, Miller ER III, Stolzenberg-Solomon R,
Appel LJ. Relationship between systemic markers of inflam-
mation and serum beta-carotene levels. Arch Intern Med 2001;
161:1903-8.

Stephensen CB, Gildengorin G. Serum retinol, the acute phase response,
and the apparent misclassification of vitamin A status in the third
National Health and Nutrition Examination Survey. Am J Clin Nutr
2000;72:1170-8.

9102 ‘8T Jaquiadaq uo 1sanb Aq Bio uoniinu-uale woiy papeojumod


http://ajcn.nutrition.org/

