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ABSTRACT

Background A dietary assessment instrument designed for use in a nationally repre-
sentative pediatric population was required to examine associations between calcium
intake and bone mineral accrual in a large, multicenter study.

Objective To determine the reproducibility and intermethod reliability of a youth
calcium food frequency questionnaire (FFQ) in a multiracial/ethnic sample of children
and adolescents.

Design Reproducibility (n=69) and intermethod reliability (n=393) studies were
conducted by administering repeat FFQs and three unannounced 24-hour dietary recalls
to stratified random samples of individuals participating in the Bone Mineral Density in
Childhood Study.

Participants/setting Children and adolescents ages 5 to 21 years.

Main outcome measures Calcium intake estimated from the FFQ and 24-hour dietary
recalls.

Statistical analysis Reproducibility was assessed by the intraclass correlation coeffi-
cient (ICC). Intermethod reliability was assessed by deattenuated Pearson correlations
between the FFQ and 24-hour recalls. Attenuation factors and calibration corrected
effect estimates for bone density were calculated to determine the potential influence of
measurement error on associations with health outcomes.

Results The ICC (0.61) for repeat administrations and deattenuated Pearson correlation
between the FFQ and 24-hour recalls (r=0.60) for all subjects indicated reproducibility
and intermethod reliability (Pearson r=0.50 to 0.74 across sex and age groups). Atten-
uation factors were <0.50 for all sex and age groups and lower for non-Hispanic blacks
(A=0.20) and Hispanics (1=0.26) than for non-Hispanic whites (1=0.42).

Conclusions The Bone Mineral Density in Childhood Study calcium FFQ appears to
provide a useful tool for assessing calcium intake in children and adolescents drawn
from multiracial/ethnic populations and/or spanning a wide age range. However, similar
to other FFQs, attenuation factors were substantially <1, indicating the potential for
appreciable measurement error bias. Calibration correction should be performed and
racial/ethnic differences in performance considered when analyzing and interpreting

findings based on this instrument.
J Acad Nutr Diet. 2015;115:519-527.

00D FREQUENCY QUESTIONNAIRES (FFQS) HAVE
been used extensively to obtain information on usual
intake of foods and nutrients, including calcium, and
to examine estimates of calcium intake in relation to

To take the Continuing Professional Education quiz for this article, log in
to www.eatrightPRO.org, go to the My Account section of My Academy
Toolbar, click the “Journal Quiz” link, click “Journal Article Quiz” on the next
page, and then click the “Additional Journal CPE Article” button to view a
list of available quizzes.

© 2015 by the Academy of Nutrition and Dietetics.

health outcomes.!"® Advantages of FFQs for measuring die-
tary calcium intake, especially in large studies, include low
cost, ease of administration, and focus on usual consumption
of calcium-containing foods and supplements. Despite these
strengths, nutrient intakes estimated from FFQs are subject
to measurement error due to the limited number of food
items queried, reliance on generic memory, potential report-
ing biases, and inaccuracies in food and nutrient databases.
To properly interpret findings from a newly developed FFQ,
reproducibility (intramethod reliability) and validation studies
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must be conducted. Ideally, the extent of error is determined
from objective measures of true dietary intake; however, such
measures are rare and confined to a select few recovery bio-
markers.” Therefore, intermethod reliability studies are gener-
ally conducted that compare the performance of the new
instrument with an accepted method. These studies are often
referred to as relative validation studies, although an accurate
measure of dietary intake is required to determine validity;
therefore, the term intermethod reliability is preferable.® Multi-
ple, unannounced 24-hour dietary recalls or dietary records
are commonly used to assess intermethod reliability under
the assumption that these methods provide an unbiased mea-
sure of dietary intake for a single day.”'> Regression calibra-
tion provides a means to correct for measurement error in
the primary instrument (ie, the FFQ) and to obtain relatively
unbiased measures of association between a food or nutrient
and health outcome when the assumptions for proper refer-
ence instrument are met.'%1>14

The Bone Mineral Density in Childhood Study (BMDCS) was
a large, national cohort of US children and adolescents
designed to develop reference data for bone mass and density
and to investigate the determinants of bone accretion.'>'® To
examine associations between calcium intake and bone
mineral accrual in this cohort, a dietary assessment instru-
ment designed for use in a nationally representative pediatric
population was required. Therefore, an FFQ developed from
dietary data collected as part of the third National Health and
Nutrition Examination Study (NHANES III) and tailored for
pediatric use was designed by NutritionQuest and used as the
primary instrument to assess calcium intake. The purpose of
this study was to examine the reproducibility and inter-
method reliability of the BMDCS calcium FFQ for estimating
usual dietary calcium intake in representative subsets of
children and adolescents participating in the BMDCS. In
addition, regression calibration was performed to assess po-
tential measurement error bias when using the BMDCS cal-
cium FFQ and to obtain correction factors that may be used to
inform future studies. An example is provided investigating
the impact of measurement error when estimating associa-
tions of calcium intake with bone mineral content (BMC) and
areal bone mineral density (aBMD) at the spine to highlight
the extent to which measurement error may influence effect
estimates (ie, regression coefficients) and whether calibration
correction may provide results more in line with calcium
supplementation trials.”"°

MATERIALS AND METHODS

Study Population

The BMDCS comprised approximately 2,000 participants
recruited from five clinical centers in the United States:
Children’s Hospital of Los Angeles (Los Angeles, CA), Cincin-
nati Children’s Hospital Medical Center (Cincinnati, OH),
Creighton University (Omaha, NE), Children’s Hospital of
Philadelphia (Philadelphia, PA), and Columbia University
(New York, NY). The initial cohort consisted of a multiracial/
ethnic sample of girls aged 6 to15 years and boys aged 6 to 16
years who were enrolled between July 2002 and November
2003 and followed annually for 6 years.'”” A second recruit-
ment period, including individuals aged 5 and 19 years,
occurred between August 2006 and November 2007 to in-
crease the number of younger and older participants.'®
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Healthy, normally developing children and adolescents
were enrolled in the study. Participant recruitment and
enrollment criteria have been described previously.'>'®
Informed consent was obtained from participants aged 18
years or older. Informed consent was obtained from the
participant’s parent or guardian and assent obtained from the
participant for those younger than age 18 years. The study
protocol was approved by the institutional review boards of
all five centers.

Two substudies were conducted (reproducibility and
intermethod reliability), each using a stratified, random
sample of BMDCS participants aged 5 to 21 years of age at
enrollment into the substudies. The goal of the reproduc-
ibility substudy was to assess the test—retest performance
of the FFQ. Recruitment of participants (n=69) occurred
from 2006 to 2007 by randomly selecting participants
within strata defined by sex, age (<13 years and >13 years),
and center. The first FFQ (FFQ;) was administered during
the visit. The questionnaire was completed by study par-
ticipants older than age 13 years and by the parent and
child together for those aged <13 years. The second FFQ
(FFQ,) was mailed to participants 1 to 2 weeks after the
study visit and returned within 1 month. Visual aids,
including pictures with glasses and bowls and lines indi-
cating volumes, were provided to aid participants in
assessing food quantity.

The goal of the intermethod reliability substudy was to
assess the accuracy of the FFQ in relation to three unan-
nounced, interviewer-administered 24-hour dietary recalls.
Recruitment of participants (n=430) occurred from 2006 to
2009. Participants were randomly selected within strata
defined by sex, age (<13 years and >13 years), and center.
The sampling frame provided a subsample generally
representative of the BMDCS cohort. The FFQ was adminis-
tered during a clinical visit occurring from 2006 to 2009. The
three unannounced 24-hour recalls were conducted via
telephone by a study registered dietitian nutritionist (RDN)
within 1 month of completing the FFQ. Visual aids, including
pictures with glasses and bowls and lines indicating volumes,
were provided to assist in portion size estimation. The FFQ
and 24-hour recalls were completed by study participants
older than age 13 years and by the parent and child together
for those aged 13 years or younger. A total of 393 participants
completed all three recalls and were included in our analyses.
Compensation of $10 was provided for participation in a
substudy.

Development of the FFQ

The BMDCS FFQ was designed to measure food items
contributing calcium to the diets of children and adolescents
during the previous 7 days. The FFQ was developed by
NutritionQuest in accordance with procedures for the Block
dietary questionnaires and screeners.’’? The initial list of
calcium-containing foods was obtained from 24-hour recalls
collected as part of NHANES II1.>° Individual food items were
then aggregated into categories based on similarities in food
type, nutrient content, and culinary use, and rank-ordered on
contribution to total calcium intake. The minimum set of food
categories that could capture >90% of calcium intake in each
of nine prespecified age-race/ethnicity groups (ie, 6 to 10
years, 11 to 13 years, and 14 to 19 years; and Hispanic, non-
Hispanic black, and non-Hispanic white) were included on
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the FFQ. The final questionnaire included queries on 45
distinct food and beverage categories (see the Figure, avail-
able online at www.andjrnl.org). Five responses were pro-
vided to assess how often the foods and beverages were
consumed during the preceding week (1 day/wk, 2 days/wk,
3 to 4 days/wk, 5 to 6 days/wk, or every day). In addition, four
portion size options were provided for each category to
capture usual amounts consumed. Dietary calcium intake (in
milligrams per day) was estimated from the questionnaire
using food composition tables developed and maintained by
NutritionQuest. For our analysis, instrument performance for
calcium intake from foods alone was examined because
quantitative information on supplement use for participants
in the substudies was not collected on the FFQ. The calcium-
specific FFQ used in the BMDCS is available from Nutrition-
Quest (http://nutritionquest.com/).

Administration of the 24-Hour Recalls

Three nonconsecutive, unannounced 24-hour recalls were
conducted via telephone by trained RDNs from Cincinnati
Children’s Hospital Medical Center and Children’s Hospital of
Philadelphia. Cincinnati Children’s Hospital Medical Center
was responsible for interviews with participants in Cincin-
nati, Creighton, and the male participants in Los Angeles.
Children’s Hospital of Philadelphia was responsible for in-
terviews with participants in Philadelphia, New York, and the
female participants in Los Angeles. The interviewer asked the
participant about the foods and beverages consumed during
the previous 24-hours employing a multiple-pass method to
enhance detail and limit omissions. Quantities were
expressed in terms of typical bowls, cups, and so on. Study
participants were encouraged to consult the food-model
pamphlet distributed at the study visit to assist in assessing
portion sizes. The recalls were planned to occur on 2 week-
days and 1 weekend day. The recalls were collected and
analyzed using the Nutrition Data System for Research soft-
ware versions 2006-2009, developed by the Nutrition Coor-
dinating Center at the University of Minnesota.

Bone Densitometry

Dual-energy x-ray absorptiometry scans were performed us-
ing a dedicated Hologic, Inc, bone densitometer (QDR4500A,
QDR4500W, Apex, and Delphi A models) at each clinical center.
Scans were performed for each participant according to the
manufacturer’s guidelines to obtain spine BMC and aBMD.
Calibration stability across sites and over time was maintained
using traveling and site-specific phantoms as previously
described.'® All scans were analyzed by the Dual-Energy X-Ray
Absorptiometry Core Laboratory at the University of California,
San Francisco, using Hologic software release 12.3 (2004) to
obtain BMC and aBMD values for each participant. Data from
the lumbar spine scans were used in our analysis as they have
shown associations with calcium intake in the BMDCS
cohort,?* and the lumbar spine is a recommended site for pe-
diatric bone health assessment.?”

Additional Measures

Weight (0.1 kg) was measured on a digital scale and height (0.1
cm) was measured using a stadiometer. Sexual maturation was
assessed by physical exam of testes volume (male participants)
and breast size (female participants) by a pediatric
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endocrinologist or nurse practitioner. Sexual maturity was
defined according to the Tanner criteria. Usual weight-bearing
physical activity (in hours per week) was assessed with the
modified self-report tool.”® The questionnaire listed 37
weight-bearing activities, such as walking, basketball, dance,
and so on, in which children and adolescents are likely to
participate. Participants indicated the time spent in activities
in which they participated during the previous week.

Statistical Analysis

Reproducibility. The mean difference and 95% CI for cal-
cium intake estimated from FFQ; and FFQ, and the intraclass
correlation (ICC) were used to assess reproducibility (intra-
method reliability). High ICC values, denoting low within-
subject variation, reflect a high degree of reproducibility.
Results were calculated for all participants and for younger
(aged 5 to 13 years) and older (aged 14 to 21 years) partici-
pants separately. ICC>0.6 was considered a priori to reflect
appreciable reproducibility.

Intermethod Reliability. The mean difference and 95% Cl for
calcium intake estimated from the average of three 24-hour
recalls and the FFQ, deattenuated Pearson correlations, and
attenuation factors were used assess intermethod reliability.
Deattenuation corrects for random measurement error (ie,
day-to-day variability in the 24-hour recalls) in the observed
correlation.” To calculate the deattenuated Pearson correlation
(rp), the following formula was used: re=ry (14+[S2w/S%]/nx)
where r, is the observed correlation, $%,/S?, is ratio of the
within- to between-subject variances in calcium intake esti-
mated from repeat measures, and ny is the number of 24-hour
recalls. Deattenuated correlations in the range of r=0.4 to
r=0.7 were considered a priori to reflect intermethod reli-
ability.”?” Attenuation factors, calculated as the slope of the
regression of the average of the three 24-hour recalls on the
FFQ, provide a measure of the expected bias due to measure-
ment error in the FFQ.?® The attenuation factor (1) is a multi-
plicative scalar that operates on the true value biasing it to the
extent denoted by 4, where, for example, true value=observed
value/A. Attenuation factors closer to one indicate minimal
bias, whereas lower values denote greater expected attenua-
tion when estimating associations between dietary intake and
health parameters. Calcium intakes were natural log trans-
formed where necessary to better meet model assumptions.
Results were obtained for all participants and for predefined
sex-age and race/ethnic groups.

Calibration Correction. Uncorrected (referred to herein as
naive) and calibration corrected multiple linear regression
was used to examine associations between usual calcium
intake and BMC and aBMD at the spine adjusted for age
(continuous), sex, race (black vs nonblack), height (contin-
uous), total physical activity (continuous), tanner stage, and
clinical center. Calibration was performed using the method
described by Spiegelman and colleagues.?® for linear regres-
sion. Calcium intake assessed via the FFQ was assumed to be
measured with error and the average of the three 24-hour
recalls was used as the reference instrument. All covariates
were assumed to be measured without error and all re-
gressions were performed on the log-log scale to better meet
model assumptions.

JOURNAL OF THE ACADEMY OF NUTRITION AND DIETETICS 521


http://www.andjrnl.org
http://nutritionquest.com/

RESEARCH

RESULTS

The mean age of participants in the BMDCS reproducibility
and intermethod reliability substudies was 14.5 years (min-
imum=>5 years, maximum=21 years) and 13.1 years (mini-
mum=>5 years, maximum=21 years), respectively, at the time
of data collection (Table 1). For the reproducibility subsample,
non-Hispanic whites comprised the largest proportion of
participants (52%), followed by Hispanics, non-Hispanic
blacks, and Asian Americans with the majority of partici-
pants at Tanner stage 4 or 5. For the intermethod reliability
subsample, non-Hispanic whites comprised the largest pro-
portion of participants (49%), followed by non-Hispanic
blacks, Hispanics, and Asian Americans. The greatest pro-
portions of participants were Tanner stage 1 and 5 with fewer
at intermediate stages. Approximately 45% of participants in
both samples were male with mean heights of 159 cm and
151 cm in the reproducibility and intermethod reliability
subsamples, respectively.

Reproducibility

The mean difference in calcium intake estimated with repeat
administrations of the FFQ (FFQ;—FFQ,) was 17 mg/day (95%
CI —89 to 123) (Table 2). The ICC for calcium intake (log scale)
indicated reproducibility of the FFQ (ICC=0.61). In analyses

Table 1. Characteristics of participants in the Bone Mineral
Density in Childhood Study calcium food frequency
questionnaire reproducibility and intermethod reliability
substudies®

Intermethod
Reproducibility  Reliability

Characteristic Substudy (n=69) Substudy (n=393)

«———meanzstandard deviation———

Age (y) 14.5+3.9 13.1+5.2
Height (cm) 158.5£17.8 150.5+£22.3
n (%)
Male participants 31 (44.9) 184 (46.8)
Race/ethnicity
Asian 8 (11.6) 0 (5.1)
Non-Hispanic black 10 (14.5) 1 (20.6)
Hispanic 12 (17.4) 8 (17.3)
Non-Hispanic white 36 (52.2) 194 (49.4)
Other 3 (44) 0 (7.6)
Tanner stage
1 8 (11.6) 125 (31.8)
2 4 (5.8) 2 (3.1)
3 10 (14.5) 8 (4.6)
4 12 (17.4) 8 (9.7)
5 33 (47.8) 170 (43.3)
Missing 2 (29) 0 (7.6)

*Values may not sum to total due to missing data.
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stratified on age, there was no difference in mean calcium
intake upon repeat administration in both age groups;
however, the ICC was lower for younger (aged 5 to 13 years)
when compared with older (aged 14 to 21 years) participants.
The low correlation for younger children was highly influ-
enced by one outlying value (Cook’s D=2.2) and improved to
ICC=0.52 upon removal of that single value.

Intermethod Reliability

The FFQ underestimated calcium intake relative to the
average of three 24-hour recalls (Table 3). The mean differ-
ence for calciumyecays—calciumegrq was 72 mg/day (95% CI 12
to 131) for all subjects indicating a systematic bias at the
group level as expected based on the FFQ development pro-
tocol. CIs for the mean difference between the FFQ and 24-
hour recalls were wide for all age-sex and race subgroups,
but reached statistical significance for all females, females
aged 10 to 14 years, females aged 15 to 21 years, and non-
Hispanic whites. The deattenuated Pearson correlation coef-
ficient for the FFQ and average of three 24-hour recalls was
r=0.60 for all subjects indicating intermethod reliability and
ranged from r=0.50 to r=0.74 across sex and age groups.
Correlations were modestly higher for females than for males
and for participants aged 5 to 7 years. In race/ethnic-specific
analyses, the correlations were lowest for non-Hispanic
blacks (r=0.48), followed by Hispanics (r=0.54) and non-
Hispanic whites (r=0.62). The attenuation factor for the FFQ
relative to the average of three 24-hour recalls was 1=0.36 for
all subjects, indicating the extent to which associations be-
tween calcium intake estimated from the FFQ and health
outcomes may be biased toward the null in univariate ana-
lyses. Attenuation factors were <0.50 for all sex and age
groups and A=0.20 for non-Hispanic blacks, 1=0.26 for His-
panics, and A=0.42 for non-Hispanic whites.

Calibration Correction

Uncorrected and calibration corrected estimates for the as-
sociation of calcium intake with BMC and aBMD at the spine
are provided in Table 4. There were no statistically significant
associations overall or for non-Hispanic black or Hispanic
participants; however, the uncorrected results were biased
toward no association to the degree expected by the atten-
uation factors. For non-Hispanic whites, in uncorrected
models, a 10% increase in calcium intake was associated with
a 0.54% increase in BMC (P=0.02) and a 0.41% increase in
aBMD (P=0.03). Adjusted for measurement error, a 10% in-
crease in calcium intake was associated with a 1.52% increase
in BMC (P=0.03) and a 1.16% increase in aBMD (P=0.04). In
our sample, an increase in calcium consumption of roughly
300 mg/day, equivalent to 1 cup milk or the low range of
supplemental calcium provided in previous trials, corre-
sponded to an approximate increase of 40% in daily intake. In
calibration corrected models this translates into an approxi-
mate increase of 2.13% and 1.62% in BMC and aBMD,
respectively, when estimated within the range of the data
among non-Hispanic whites. Overall, attenuation factors
obtained from the multivariable models were generally
similar to those obtained for the univariate model presented
inTable 3 (see also Table 5 [available online at www.andjrnl.org],
where data for all subjects only is shown).
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Table 2. Reproducibility of calcium intake for repeat administrations of the Bone Mineral Density in Childhood Study calcium

food frequency questionnaire (FFQ; and FFQ,)

Intraclass correlation

Calcium intake (mg/d) FFQ, FFQ,° Difference FFQ,—FFQ, coefficient”
«————median (25th, 75th)——— «——mean (95% Cl)—

All subjects (n=69) 655 (485, 883) 685 (417, 979) 17 (—89 to 123) 0.61

Ages 5-13 y (n=31) 744 (474, 909) 826 (557, 984) —87 (—235 to 61) 0.31

Ages 14-21 y (n=38) 636 (484, 739) 539 (398, 907) 102 (—48 to 252) 0.75

°FFQ, was completed and returned ~ 1 month after FFQ;.
®Calculated for the natural log transformed values.

DISCUSSION

These data indicate that the BMDCS calcium FFQ provides
reasonably reproducible and reliable estimates of calcium
intake in representative samples of children and adolescents
participating in the BMDCS when compared with the average
of three 24-hour dietary recalls. Calcium intake was generally
underestimated by the FFQ relative to the 24-hour recalls;
however, correlational analyses demonstrated deattenuated
associations consistent with our a priori criterion for inter-
method reliability. Despite reasonable agreement between
instruments, attenuation factors were <0.50 across all sub-
groups, highlighting the potential for substantial measure-
ment error bias when estimating associations between
calcium intake and health outcomes. Nutrition professionals

using the BMDCS calcium FFQ are, therefore, recommended
to obtain calibration corrected estimates, in addition to
naive estimates that assume no measurement error, when
assessing associations between calcium intake and health
outcomes to better understand the extent to which mea-
surement error may have influenced the findings.

The BMDCS FFQ was able to reproducibly measure dietary
calcium intake. Previous research assessing the reproduc-
ibility of both paper and web-based FFQs designed specif-
ically to measure dietary calcium intake in children and
adolescents have reported correlations for test—retest per-
formance ranging from r=0.68 to r=0.79.532 The modestly
weaker correlation in our sample was likely due to differ-
ences in the time frame queried by the FFQ. Unlike previous
FFQs designed to assess calcium intake during the preceding

Table 3. Intermethod reliability of the Bone Mineral Density in Childhood Study calcium food frequently questionnaire (FFQ) to
measure calcium intake when compared with the average of three 24-hour diet recalls®

Calcium intake (mg/d) Diet recalls FFQ

Attenuation
factor ()<

Deattenuated

Difference recalls—FFQ Pearson r°°

«———median (25th, 75th——

All subjects (n=393) 871 (652, 1,160) 773 (520, 1,145)
Males (n=184) 924 (741, 1,327) 891 (624, 1,269)
Ages 5-7 y (n=56) 940 (756, 1,112) 997 (689, 1,188)
Ages 10-14 y (n=62) 1000 (812, 1,330) 917 (669, 1,262)
Ages 15-21 y (n=66) 845 (656, 1,424) 776 (553, 1,352)
Females (n=209) 831 (605, 1,116) 650 (458, 993)
Ages 5-7 y (n=57) 916 (637, 1,157) 821 (542, 1,127)
Ages 10-14 y (n=73) 874 (671, 1,111) 639 (491, 964)
Ages 15-21y (n=79) 743 (538, 1,020) 593 (385, 905)
Ethnicity

Black (n=81) 778 (633, 900) 706 (478, 925)

Hispanic (n=68)
White (n=194)

835 (602, 1,132)
963 (744, 1,280)

700 (467, 1,075)
872 (557, 1,172)

+———mean (95% Cl)——

72 (12 to 131) 0.60 0.36
39 (=70 to 149) 0.55 0.35
0 (—100 to 100) 0.74 0.37

2 (—133 to 138) 0.54 0.29
108 (—161 to 376) 0.50 0.37
100 (42 to 157) 0.61 0.34
59 (—26 to 145) 0.69 0.50
126 (20 to 232) 0.54 0.27
105 (3 to 207) 0.61 0.30
28 (—84 to 140) 0.48 0.20
42 (—99 to 183) 0.54 0.26
113 (21 to 205) 0.62 0.42

“All values for the 24-hour diet recall are for the 3-day average.
®Deattenuated for random measurement error in the 24-hour diet recalls: r, J4[5%,/5%5/3), where r,=observed Pearson correlation.
“A=Slope of the regression of the average of the three 24-hour diet recalls on the FFQ.
9Calculated for the natural log transformed values.
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Table 4. Associations of calcium intake with bone mineral content and areal bone mineral density at the spine for participants in
the Bone Mineral Density in Childhood Study intermethod reliability substudy®

Bone Mineral Content

Bone Mineral Density

Characteristic fxstandard error P value Bxstandard error P value
All subjects (n=358)

FFQ"

Uncorrected .016+.014 0.27 .011+£.012 0.36
Calibration corrected® .051+.047 0.28 .035+.038 0.36
Black (n=76)

FFQ

Uncorrected .018£.030 0.55 .001£.025 0.97
Calibration corrected® 110£.192 0.57 .006+.153 0.97
Hispanic (n=64)

FFQ

Uncorrected —.055+.028 0.05 —.0324.022 0.15
Calibration corrected® —.228+.144 0.11 —.134+.105 0.20
White (n = 175)

FFQ

Uncorrected .054+.023 0.02 .041+£.019 0.03
Calibration corrected® .152+.069 0.03 .116+.057 0.04

“Associations for natural log-log models. All models adjusted for age (continuous), sex, race (black vs non-black), height (continuous), total physical activity (continuous), Tanner stage, and
clinical center in the calibration and health parameter models where appropriate. Subjects who refused Tanner staging (n=30) or did not undergo bone mineral content/density testing

(n=>5) were excluded from analyses.
PFFQ=food frequency questionnaire.

“Calibration correction performed using the method described by Spiegelman and colleagues” for linear regression.

month, the BMDCS calcium FFQ queries intake occurring
during the preceding week. This decision was made to limit
cognitive difficulties in estimating the usual frequency and
quantity of foods items consumed over longer time spans in
an attempt to improve accuracy. Thus, the repeat adminis-
trations in our study do not reflect dietary intake occurring
during the same time period with an expectant reduction in
the ICC due to incorporating true within-person variation in
calcium intake. The reason for the discrepancy in the ICC for
younger (aged 5 to 13 years) when compared with older
(aged 14 to 20 years) participants is unknown, but could
reflect a more varied diet of calcium-containing foods in
younger participants or simply sampling variation. Differ-
ences in test—retest performance according to age in previous
reports have been inconsistent.%3%>!

Compared with the average of three unannounced 24-
hour recalls, the BMDCS FFQ underestimated dietary cal-
cium intake on average. This was expected because the FFQ
was designed to capture >90% of calcium intake in select
age-race/ethnicity groups based on 24-hour recall data.
Previous studies have reported lower point estimates for
mean calcium intake estimated from a short 10-item FFQ
relative to the average from 24-hour recalls®’ and higher
mean calcium intake estimated from a 41-item FFQ relative
to a 7-day weighted food record.® Numerous factors influ-
ence the assessment of absolute calcium intake on an FFQ,
including the length of the questionnaire, food list, response
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options, nutrient calculations, and subject instructions’ and
must be considered along with the study objectives and
participant burden when designing the questionnaire. The
deattenuated correlation for the BMDCS FFQ and 24-hour
recalls of r=0.60 was similar to, or better than, correlations
with reference measures for other FFQs designed to measure
calcium intake in children and adolescents in the United
States®3°33 and other countries®*>® despite the wide age
range and multiracial/ethnic sample. This highlights the
potential utility of this instrument for assessing calcium
intake in future studies drawn from multiracial/ethnic pop-
ulations or those spanning a wide age range. The higher
correlation for female participants than for male participants
in our sample has not been consistently observed in previous
reports, and the lack of uniformity across age groups is in
agreement with earlier studies.®?°*! A noteworthy finding
was that despite developing the FFQ from items providing
the greatest contribution to dietary calcium intake in His-
panic, non-Hispanic black, non-Hispanic white children and
adolescents, correlations between the FFQ and 24-hour re-
calls were lower for non-Hispanic blacks and Hispanics than
for non-Hispanic whites. Similar differences have been re-
ported previously.® The reason for this discrepancy is un-
known and highlights unresolved challenges in culturally
tailoring aspects of the questionnaire beyond the list of foods
to elicit more accurate responses in specific racial/ethnic
groups.
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Attenuation factors obtained from the slope of the regres-
sion of the 24-hour recalls on the FFQ indicated the potential
for appreciable measurement error bias when estimating
associations between calcium intake and health outcomes.
Examples for the association of dietary calcium intake with
BMC and aBMD at the spine demonstrated naive associations
were attenuated by approximately two-thirds relative to
calibration-corrected results. Measurement error of this
magnitude has the potential to severely distort associations
between calcium intake and health outcomes with the di-
rection of the bias uncertain in multivariable statistical
models.?®3%4° Furthermore, attenuation factors were lower
for Hispanics and non-Hispanic blacks than for non-Hispanic
whites, indicating that naive effect estimates may be more
biased for these groups. Measurement error also influences
study power, reducing effective sample size by a factor
inversely proportional to A%2?® Thus, the ability to detect
statistically significant associations in Hispanics and non-
Hispanics blacks, relative to non-Hispanic whites, would
also be reduced. Calcium supplementation trials in children
and adolescents have generally reported modest increases
(1% to 6%) in BMC and aBMD during active supplementation,
although it is unclear whether improvements are confined to
children with low baseline levels or persist beyond the end
of supplementation.”’"'° In calibration-corrected models, a
~300 mg/day increase in calcium intake was related to a
2.11% and 1.64% increase in BMC and aBMD in non-Hispanic
whites, more in line with results obtained from calcium
supplementation trials. Calibration correction using multiple
24-hour recalls as the reference instrument may allow for
more accurate results because effect estimates have been, in
part, corrected for measurement error. A measure of true
usual calcium intake would be required to eliminate bias due
to measurement error. Although traditional regression cali-
bration provides a means to correct naive effect estimates (eg,
regression coefficients), it does not recapture lost study po-
wer, improve tests for statistical significance, and is influ-
enced by error in the assessment of model covariates.

Regression calibration also relies on the assumption that
the error in the reference instrument is unbiased and con-
tains only within-person error that is uncorrelated with er-
rors in the primary instrument.® Comparisons of self-report
instruments with recovery biomarkers have demonstrated
both intake-related and correlated person-specific biases
violating both assumptions of a proper reference instru-
ment.”>'* To the extent that measurement error in the 24-
hour dietary recall method is associated with error in the
BMDCS FFQ, correlational analyses (ie, intermethod reli-
ability) and attenuation factors will have been overestimated
and the true attenuation for estimated effects greater than
that reported. Despite these limitations, regression calibra-
tion using the 24-hour recall as the reference instrument is
preferable to performing no adjustment because improve-
ments in parameter estimates have been shown for both
univariate and multivariable methods.*! Nutrition and di-
etetics practitioners using the BMDCS calcium FFQ are
therefore advised to report the naive estimates that assume
no measurement error as well as calibration-corrected results
when possible.

Strengths of this study include the rigorous methodology
employed in the development of the FFQ, the Ilarge
sample size for the intermethod reliability substudy, the
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RDN-administered 24-hour dietary recalls, and the multira-
cial/ethnic composition of the substudies contributing to the
generalizability of the results. There were also limitations.
First, as previously discussed, correlations and attenuation
factors for the BMDCS FFQ presented here may be overly
optimistic relative to true usual calcium intake due to
correlated errors in the primary and reference instruments.
However, this limitation is common to all dietary inter-
method reliability studies in which an unbiased measure of
dietary intake is unavailable. Second, the study power to
detect small and small-to-moderate mean differences be-
tween instruments was limited for the intermethod reli-
ability and reproducibility substudies, respectively. Third,
timing with respect to the administration of the FFQ and
24-hour recalls may have modestly reduced correlations be-
tween measures because they did not assess dietary intake
occurring over the exact same period of time. Fourth, we
were unable to examine whether calcium intake from sup-
plements had any material influence on measures of repro-
ducibility and intermethod reliability. Fifth, Tanner staging
was not calibrated across clinicians; however, Tanner stage
had little influence on the regression calibration or health
outcome models, and any misclassification is, therefore, not
expected to have materially influenced the study findings. In
addition, the BMDCS calcium FFQ was developed using
24-hour recalls collected during NHANES III, warranting ex-
amination of the generalizability of the tool for capturing
contemporary food and beverage intakes. The food items
included on the FFQ remained capable of capturing >90% of
calcium intake among US children aged 8 to 17 years based
24-hour recall data collected during the 2005-2006 NHANES
(personal communication, NutritionQuest, October 2014).
Thus, similar performance of the instrument is expected for
contemporary nutrition research studies.

CONCLUSIONS

The BMDCS calcium FFQ appears to provide a useful tool for
assessing dietary calcium intake in children and adolescents.
The ability to administer a single, short instrument with
demonstrated performance across a wide age range and in
racially/ethnically heterogeneous populations makes the in-
strument an appealing option for nutrition and dietetics
practitioners. While meeting our a priori criterion for inter-
method reliability in all racial/ethnic groups examined, the
performance of the questionnaire was found to vary. There-
fore, consideration with respect to potential racial/ethnic
differences in measurement error bias needs to be given
when analyzing and interpreting findings from naive ana-
lyses based on this instrument. When possible, internal
calibration studies should be conducted to facilitate the
calculation of calibration corrected effect estimates. In the
absence of an internal calibration study, nutrition and di-
etetics practitioners may also consider using our findings to
conduct external calibration sensitivity analyses to account
for measurement error.
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Grains

Cold cereal

Hot cereal

Pancakes, waffles, or French toast
Granola bars or breakfast bars
Bread

Cornbread, corn muffin, or corn tortillas
Flour tortillas

Biscuits or muffins

Hamburger buns, hot dog buns, or bagels
Stuffing

Rice

Dairy

Milk

Milk on cereal

Cheese

Nachos with cheese

Yogurt

Sour cream

Ice cream or frozen yogurt
Combination foods

Hamburgers or cheeseburgers
Hot dogs or corn dogs

Tacos or burritos

Mixed dish with chicken (chicken and gravy or chicken pot pie)

Fish, fish sandwiches, or fish sticks

Mixed dish with beef (beef and noodles, hamburger mixed dishes, or stew)
Spaghetti, ravioli, or lasagna

Macaroni and cheese

Pizza or pizza pockets

Vegetables

Baked beans, refried beans, pinto beans, or red Mexican beans
Greens including spinach, mustard greens, or collards
Vegetable soup, tomato soup, or cream soup

Potatoes, including french fries, tater tots, or mashed or baked potatoes
Beverages

Sweetened carbonated beverages, any type

Fruit flavored drinks

Orange juice (queried calcium fortification)

Other fruit juices (queried calcium fortification)

Instant breakfast milkshakes

Milkshakes

Other

Eggs

Sausage

Gravy

Potato chips or other salty snacks

Cookies

Cake or cupcakes

Pudding

Chocolate candy

Figure. Food items included in the Bone Mineral Density in Childhood Study calcium food frequency questionnaire.
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Table 5. Regression calibration model for natural log transformed calcium intake

All subjects (N=363)° Intercept FFQ calcium® Age Male Black Hispanic Other Height Physical activity

mean+standard error”
6.894+0.102 0.307+0.037  0.001+0.01 0.057+0.045 —0.137+£0.056 —0.057+£0.071 —0.088+0.072 0.004+0.003 0.002+0.003

Tanner 2 Tanner 3 Tanner 4 Tanner 5 Center A Center B Center D Center E

—0.004+0.129 —0.081+0.127 —0.017+0.121 —0.202+0.134 —0.019+0.077 —0.132£0.079 —0.003+£0.066 —0.02+0.073

°The intercept represents the value for a participant at the mean of calcium intake (6.6 mg/d), age (13.1'y), and height (150.1 cm), who is female, non-Hispanic white, Tanner stage 1, reported engaging in no physical activity, and
enrolled at clinical site C.

°FFQ=food frequency questionnaire.

“Attenuation factor (calibration coefficient).

%alues are the conditional mean=-standard error obtained by regressing the average of the three 24-hour recalls on the FFQ-+covariates.
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