American Journal of Epidemiology

i

© The Author 2011. Published by Oxford University Press on behalf of the Johns Hopkins Bloomberg School of
Public Health. All rights reserved. For permissions, please e-mail: journals.permissions @ oup.com.

Vol. 174, No. 5

DOI: 10.1093/aje/kwr140
Advance Access publication:
July 15, 2011

Practice of Epidemiology

Evaluation and Comparison of Food Records, Recalls, and Frequencies for
Energy and Protein Assessment by Using Recovery Biomarkers

Ross L. Prentice*, Yasmin Mossavar-Rahmani, Ying Huang, Linda Van Horn,
Shirley A. A. Beresford, Bette Caan, Lesley Tinker, Dale Schoeller, Sheila Binghamt,
Charles B. Eaton, Cynthia Thomson, Karen C. Johnson, Judy Ockene, Gloria Sarto, Gerardo Heiss,

and Marian L. Neuhouser

* Correspondence to Dr. Ross L. Prentice, Division of Public Health Sciences, Fred Hutchinson Cancer Research Center, 1100
Fairview Avenue North, P.O. Box 19024, Seattle, WA 98109-1024 (e-mail: rprentic @ whi.org).

1 Deceased.

Initially submitted January 21, 2011, accepted for publication April 4, 2011.

The food frequency questionnaire approach to dietary assessment is ubiquitous in nutritional epidemiology
research. Food records and recalls provide approaches that may also be adaptable for use in large epidemiologic
cohorts, if warranted by better measurement properties. The authors collected (2007-2009) a 4-day food record,
three 24-hour dietary recalls, and a food frequency questionnaire from 450 postmenopausal women in the
Women'’s Health Initiative prospective cohort study (enroliment, 1994-1998), along with biomarkers of energy
and protein consumption. Through comparison with biomarkers, the food record is shown to provide a stronger
estimate of energy and protein than does the food frequency questionnaire, with 24-hour recalls mostly interme-
diate. Differences were smaller and nonsignificant for protein density. Food frequencies, records, and recalls were,
respectively, able to “explain” 3.8%, 7.8%, and 2.8% of biomarker variation for energy; 8.4%, 22.6%, and 16.2% of
biomarker variation for protein; and 6.5%, 11.0%, and 7.0% of biomarker variation for protein density. However,
calibration equations that include body mass index, age, and ethnicity substantially improve these numbers to
41.7%, 44.7%, and 42.1% for energy; 20.3%, 32.7%, and 28.4% for protein; and 8.7%, 14.4%, and 10.4% for
protein density. Calibration equations using any of the assessment procedures may yield suitable consumption

estimates for epidemiologic study purposes.

bias (epidemiology); biological markers; diet; energy intake; epidemiologic methods; measurement error; nutrition

assessment

Abbreviations: NPAAS, Nutrition and Physical Activity Assessment Study; SE, standard error; WHI, Women’s Health Initiative.

Reliable information on the health effects of diet and
nutrition on chronic disease is crucial to formulating appro-
priate dietary recommendations for individuals and to in-
stituting food policy changes that may be needed to reverse
the national obesity epidemic. However, in spite of clear
obesity associations with major cardiovascular diseases
and cancers, few diet and chronic disease associations are
regarded as convincing or even probable (1, 2).

The food frequency questionnaire has been ubiquitous in
nutritional epidemiology for the past 25 years, because its
self-administered and machine-readable features make it
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practical and cost-effective for application to large epidemi-
ologic cohorts. Other more detailed dietary assessment ap-
proaches, including food records (diaries) and dietary
recalls, were applied retrospectively in early case-control
studies. Prospective use of these approaches may offer cog-
nitive advantages compared with the food frequency ques-
tionnaire, prompting a substantial effort to develop an
automated, self-administered 24-hour recall (3).

A few cohort studies have collected food records prospec-
tively, with subsequent nutrient analyses in a case-control
mode. Positive associations between dietary fat and breast
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cancer (4, 5) and an inverse association of fiber consumption
and colorectal cancer (6) based on food records have been
reported that were not evident from corresponding food
frequency questionnaire data. These analyses highlight the
importance of the dietary measurement error issue, but they
do not indicate whether any available dietary approach leads
to reliable diet and disease information.

The availability of urinary recovery biomarkers (7) for
some dietary components allows the relative and absolute
performance of dietary assessment methods to be evaluated
in relation to short-term consumption. The Observing Pro-
tein and Energy Nutrition (OPEN) Study, among 484 men
and women in Maryland, reported better measurement prop-
erties for 24-hour dietary recalls compared with food fre-
quency questionnaires for energy and protein, both absolute
and relative (8, 9), while a biomarker substudy among 179
men and women in the European Prospective Investigation
of Cancer (EPIC)-Norfolk cohort reported better properties
for 7-day food records compared with food frequency ques-
tionnaires for protein, potassium, and sodium consumptions
(10), at least for absolute intakes (11). These studies re-
ported measurement errors to be positively correlated
among assessment procedures, arguing that a biomarker,
rather than a second self-report, be used as “‘reference” in-
strument for measurement error correction.

Our Nutrient Biomarker Study among 544 postmeno-
pausal women from the Women’s Health Initiative (WHI)
Dietary Modification trial of a low-fat eating pattern found
only a weak correlation between food frequency question-
naire assessments of energy and protein consumptions and
corresponding consumption biomarkers (12). Moreover, the
food frequency questionnaire was found to incorporate im-
portant systematic biases related to body mass index, age,

and ethnicity. Regression calibration equations were devel-
oped to provide estimates of energy, protein, and protein
density (fraction of energy from protein) that incorporate
adjustments for systematic and random aspects of measure-
ment error. These equations were used to generate “‘cali-
brated”” consumption estimates throughout WHI cohorts.
Calibrated energy was found to be positively associated
with total and site-specific cancer incidence (13) and with
coronary disease (14) in WHI cohorts. These associations
were not apparent from food frequency questionnaire con-
sumption estimates without calibration. They appeared to
be substantially mediated by body fat accumulation over
time (13-15).

Important questions remain concerning the development
and use of calibrated energy and protein consumption esti-
mates: 1) Are the ‘“‘signal strengths” from food frequency
questionnaires, food records, and 24-hour dietary recalls
materially different in corresponding calibration equations?;
2) To what extent can the calibration procedures from any of
the 3 assessment procedures recover the nutrient consump-
tion variation in the study population?; and 3) Are calibra-
tion equations transferable among study cohorts?

To address these questions, we conducted a further bio-
marker study, this time among 450 women enrolled in the
WHI Observational Study. This Nutrition and Physical Ac-
tivity Assessment Study (NPAAS) included the WHI food
frequency questionnaire, a 4-day food record, and three
24-hour dietary recalls, along with doubly labeled water
and urinary nitrogen assessments of energy and protein
consumptions. Calibration equations involving the 3 die-
tary assessment procedures individually and combined
were compared for their ability to explain variation among
study subjects in the biomarker assessments, and food
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Table 1. Baseline (1994—1998) Demographic and Lifestyle
Characteristics of Participants in the NPAAS and Participants in the
WHI Observational Study But Not the NPAAS

WHI
NPAAS Observational
Characteristic (n = 450) Study P Value®
(n = 93,226)
No. % No. %
Age at WHI
enrollment, years
<60 304 676 29,406 315 <0.0001
60-69 119 264 41,081 441
>70 27 6.0 22,739 244
Body mass index,
kg/m?
<25 179 39.8 37,617 408 <0.0001
25-29 106 23.6 31,356 34
>30 165 36.7 23,148 251
Race/ethnicity
Black 84 187 7,551 8.1 <0.0001
Hispanic 64 142 3,545 3.8
Other minority 14 3.1 4,402 4.7
White 288 640 77,728 834
Annual family
income, $
<20,000 43 9.9 13975 16.2 0.0002
20,000-34,999 92 212 20,134 233
35,000-49,999 84 19.4 17,346 201
50,000-74,999 98 226 17,389 20.1
>75,000 117 27.0 17,491 20.3
Education
College degree 226 50.6 38,777 419 0.0003
or higher
High school 48 10.7 15,074 16.3
diploma/GED
Less than high 16 3.6 4,833 5.2
school
School after high 157 35.1 33,778 36.5
school
Current smoking 21 4.7 5,769 6.3 0.21
Any use of dietary 306 68.0 67,445 723 0.045
supplements
Recreational
episodes/week
<2 63 141 18,096 19.6 0.0073
2-4 81 181 17,324 1838
>4 303 67.8 56,758 61.6

Abbreviations: GED, general equivalency diploma; NPAAS,
Women’s Health Initiative Nutrition and Physical Activity Assessment
Study; WHI, Women’s Health Initiative.

& The P values comparing the NPAAS and WHI Observational
Study are based on chi-square tests.

frequency questionnaire calibration equations from the 2
WHI biomarker studies were compared to examine the
transferability question.
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MATERIALS AND METHODS

The WHI Observational Study and Dietary Modification
trial

The WHI Observational Study is a prospective cohort
study that enrolled 93,676 postmenopausal women in the
age range 50-79 years during 1994-1998 (16, 17) at 40
US clinical centers. The Observational Study has consider-
able commonality with the Dietary Modification trial (16)
among 48,835 postmenopausal women, in which the Nutri-
ent Biomarker Study was conducted. The Observational
Study and Dietary Modification cohorts were drawn from
the same catchment populations, with substantial overlap
in baseline data collection and in outcome ascertainment
during cohort follow-up. The WHI food frequency ques-
tionnaire (18) was administered at baseline and at 3-years
in the Observational Study and at baseline and 1-year in the
Dietary Modification trial, where a baseline 4-day food
record was also obtained.

The Nutrition and Physical Activity Assessment Study

NPAAS enrolled 450 postmenopausal women from the
WHI Observational Study. Black and Hispanic women
were oversampled to support comparisons of measure-
ment properties among racial/ethnic groups. Three partici-
pating clinical centers recruited primarily these minority
groups, with an odds ratio of 3 for Hispanic versus black,
while the other 6 clinical centers recruited black and
Hispanic women with an odds ratio of 5. Women in the
extremes of body mass index were oversampled, with odds
ratios of 10 and 2 for underweight women (body mass
index, <18.5) and obese women (body mass index,
>30), respectively. Because of the time lag between
cohort enrollment and this biomarker substudy, younger
postmenopausal women were oversampled, with odds
ratios of 3 and 2 for women who were 50-54 and 55-59
years of age at enrollment. As in the Nutrient Biomarker
Study, women were excluded for having any medical
condition precluding participation, weight instability, or
travel plans during the study period. Overall, 20.6% of
women invited and screened for eligibility completed
the protocol. An additional 4 women consented to, but
did not complete, the study. A subsample of 88 women
(19.6%) repeated the entire protocol about 6 months later
to provide repeatability information. NPAAS women
completed their participation in 2007-2009, with specimen
analyses completed by June 2010. Study procedures were
approved by the institutional review boards of participating
institutions. Participants provided informed consent and
received $100 upon study completion.

Study protocol and procedures

The study protocol involved 2 clinical center visits sepa-
rated by a 2-week period, along with at-home activities
(Figure 1). The first visit included eligibility confirmation;
informed consent; anthropometric measurements; doubly
labeled water dosing; training in 4-day food record
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Table 2. Geometric Means and 95% Confidence Intervals for Biomarker and Self-Report Assessments of Energy
and Protein Consumption in the NPAAS (2007-2009), Along With Geometric Means and 95% Confidence Intervals

for Self-Report:Biomarker Assessment Ratios

Ratios of Self-Report to Biomarker

Assessment ssiz::l:\lg_ Ge&?:;ric 95% CI Sample Geometric 95% Cl
Size, no. Mean °
Energy, kcal/day
Doubly labeled water 415 2,023 1,988, 2,058
assessment®
Food frequency 450 1,455 1,399, 1,514 415 0.72 0.69, 0.76
questionnaire
4-Day food record 450 1,617 1,582, 1,652 415 0.80 0.78, 0.82
24-Hour dietary recall 447 1,556 1,519, 1,594 412 0.77 0.75, 0.79
Protein, g/day
Urinary nitrogen 443 69.3 67.3,71.3
Food frequency 450 62.8 60.0, 65.6 443 0.91 0.87, 0.95
questionnaire
4-Day food record 450 66.7 65.0, 68.4 443 0.96 0.94, 0.99
24-Hour dietary recall 446 62.0 60.5, 63.6 439 0.90 0.87,0.92
Protein density
Biomarker 408 13.8 13.4,14.2
Food frequency 450 17.3 16.9,17.6 408 1.25 1.22,1.29
questionnaire
4-Day food record 450 16.6 16.3, 16.9 407 1.21 1.18,1.25
24-Hour dietary recall 447 16.0 15.7,16.3 405 1.16 1.13,1.20

Abbreviations: Cl, confidence interval for the geometric mean; NPAAS, Women’s Health Initiative Nutrition and

Physical Activity Assessment Study.

@ Assessment of energy expenditure using the US average respiratory quotient.

completion; completion of food frequency questionnaire
and physical activity, dietary supplement, and other ques-
tionnaires; and collection of a blood specimen and spot
urine samples both before and after doubly labeled water
dosing. Between the 2 clinic visits, participants completed
a 4-day food record and collected 24-hour urine samples on
the day prior to the second clinic visit.

At the second clinic visit, the 24-hour urine samples were
received; 4-day food records were reviewed; and partici-
pants completed additional physical activity questionnaires,
provided additional spot urine and fasting blood specimens,
and had resting energy expenditure assessed via indirect
calorimetry. The first of the 24-hour dietary recalls was
obtained in the 1-3 weeks after visit 2 and then monthly
thereafter for the other 2.

Recovery biomarkers

Total energy expenditure was estimated as in our previous
biomarker study (19, 20). Briefly, after a 4-hour fast at visit
1, participants provided baseline urine samples, were
weighed, and ingested a single dose of approximately 1.8 g
of 10-atom percent oxygen-18-labeled water and 0.12 g of
99.9% deuterium-labeled water per kilogram of estimated
total body water. The tracers equilibrate rapidly in body
water, and the difference in elimination rates of oxygen-18
and deuterium is proportional to carbon dioxide production,

from which total energy expenditure is calculated by using
modified Weir equations (20). Elimination rates were esti-
mated from 3 spot urine specimens over 4 hours following
doubly labeled water dosing, with a blood specimen drawn
at 3 hours post-doubly labeled water dosing among women
of age >60 years used instead if corresponding spot urine
specimens showed insufficient isotope enrichment. Elimina-
tion rates were also estimated from spot urine samples ob-
tained at the second clinic visit. In weight-stable persons,
total energy consumption over a 2-week period is objectively
estimated by this procedure.

Similarly, protein consumption was objectively estimated
by 6.25 X 24-hour urinary nitrogen -+ 0.81 (21). Partici-
pants collected urine for 24 hours on day 14, immediately
preceding visit 2. PABACheck (para-aminobenzoic acid;
Laboratories for Applied Biology, Ltd., London, United
Kingdom) was used to assess the quality of urine collection
(22), with recovery of 85%—110% of the dose considered as
complete urine collection.

Specimen handling and quality assurance procedures
were as previously described for the Nutrient Biomarker
Study (12). Blind duplicates (5%) were included in the
energy and protein biomarker assessments. A 6.5% quality
control failure rate occurred for the doubly labeled water
procedure. About half of the failures were due to low tracer
enrichments or lack of equilibration, while the others were
due to dilution space or other external reproducibility

Am J Epidemiol. 2011;174(5):591-603
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Table 3. f Coefficients and Standard Errors From Regression of Log(Self-Report) — Log(Biomarker) on Body
Mass Index, Age, and Ethnicity in the NPAAS (2007-2009) Among 450 Postmenopausal Women

Food Frequency
Questionnaire

4-Day Food Record

24-Hour Dietary Recall

Variable
B SE B SE B SE
Energy
Intercept —0.645% 0.281 —0.267 0.163 —0.281 0.185
Body mass index —0.0043 0.0034 —0.01142 0.0020 —0.01392 0.0022
Age, years 0.0075% 0.0035 0.0055% 0.0020 0.0062% 0.0023
Black —-0.265% 0.055 —0.056 0.032 -0.072% 0.036
Hispanic -0.204% 0.061 0.0037 0.036 —0.033 0.041
Other minority —0.220 0.117 —0.051 0.068 —0.109 0.077
Protein
Intercept —0.578 0.319 —0.167 0.193 —0.458 0.204
Body mass index 0.0002 0.0039 —0.00972 0.0023 —-0.01062 0.0025
Age, years 0.0078 0.0040 0.0055% 0.0024 0.0090% 0.0025
Black -0.2312 0.064 0.095% 0.039 0.0972 0.041
Hispanic -0.170? 0.068 0.010 0.041 0.010 0.044
Other minority —0.111 0.133 —0.070 0.080 0.007 0.085
Protein density
Intercept 0.047 0.210 0.205 0.196 —0.135 0.206
Body mass index 0.0046 0.0025 0.0019 0.0023 0.0022 0.0025
Age, years 0.0004 0.0026 —0.0013 0.0024 0.0027 0.0026
Black 0.054 0.041 0.136% 0.039 0.144% 0.040
Hispanic 0.045 0.046 0.019 0.043 0.052 0.045
Other minority 0.064 0.086 —0.024 0.081 0.088 0.085

Abbreviations: NPAAS, Women'’s Health Initiative Nutrition and Physical Activity Assessment Study; SE, standard

error.

@ B Coefficient differs from zero at the 0.05 level of significance.

issues. These issues arose more frequently among elderly
women.

Dietary assessment

Participants completed the self-administered WHI food
frequency questionnaire (23) in English or Spanish. This
food frequency questionnaire includes 122 foods or food
groups, 19 adjustment questions, and 4 summary questions,
and it was designed to assess typical dietary habits over the
preceding 3 months in a multiethnic and geographically
diverse population. Food frequency questionnaires were
reviewed by clinic staff at the first clinic visit.

Participants viewed a 25-minute instructional video and
received a food record instruction booklet at the first clinic
visit. The English or Spanish booklet contains detailed
instructions on recording food intake, including the de-
scription of food preparation methods, added fats, brand
names, and ingredients of mixed dishes and recipes, and 12
questions on food-use patterns. Participants also received
a 12-page serving size booklet with photographs and other
measuring devices. They completed 4 days of recording
on alternate days (Sunday through Saturday) between visits
1 and 2.

Am J Epidemiol. 2011;174(5):591-603

The 24-hour dietary recalls were conducted by trained
and certified study staff by telephone, with data entered
directly and computerized by using NDSR (Nutrition Data
System for Research; Nutrition Coordinating Center, Uni-
versity of Minnesota, Minneapolis, Minnesota) software.
Interviews targeted all food and beverages consumed during
the previous 24 hours (midnight to midnight). The software
prompts the interviewer to probe for detailed information
on quantities, brands, and cooking methods, using the US
Department of Agriculture multiple-pass method, assisted
by the 12-page serving size booklet.

Dietary data from each of the 3 methods were analyzed
for nutrient content by using the University of Minnesota
nutrient database (24), which derives from the US Department
of Agriculture Nutrient Database for Standard Reference
and its periodic revisions.

Statistical methods

Analyses focused on log-transformed consumption esti-
mates for each of energy, protein, and protein density, which
were each approximately normally distributed. Daily food
record and recall estimates were averaged over the reporting
days prior to log transformation. Values that fell outside the
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Table 4. Calibration Equation 8 Coefficients, Standard Errors, and Percentage of Biomarker Variation Explained as R? From Regression of Log(Biomarker) on Log(Self-Report), Body Mass
Index, Age, and Ethnicity in the NPAAS (2007—2009) Among 450 Postmenopausal Women

Food Frequency Questionnaire

4-Day Food Record

24-Hour Dietary Recall

All Self-Reports

Variable B SE B2 Adet;zsated B SE 2 Adj;gted B SE B2 Adj:gted B SE 2 Adi:;ted
Energy

Intercept 7.614°  0.009 7.597°  0.009 7.607°  0.009 7.594°  0.009

Food frequency 0.054°® 0017 38 6.5 0.026 0.017 4.1 7.0
questionnaire

4-Day food record 0.161° 0.028 7.8 13.3 0.147° 0.036 5.3 9.0

24-Hour dietary 0.101® 0.026 238 4.8 0.004 0.033 02 0.3
recall

Body mass index 0.013° 0.001 26.9 459 0.013° 0.001 27.0 46.0 0.013> 0.001 287 48.9 0.013° 0.001 259 442

Age —0.010°  0.001 9.7 16.5 —0.009°  0.001 8.4 14.3 —0.009°  0.001 9.1 15.5 —0.009°  0.001 8.4 14.2

Black —0.023  0.019 —0.024  0.018 —0.024 0.018 —0.013  0.018

Hispanic —0.062°  0.021 1.3 2.2 —0.065° 0.020 15 2.6 —0.063° 0.020 1.5 2.6 —0.056° 0.020 1.1 1.9

Other minority —0.041  0.040 —0.039  0.038 —0.038  0.039 —0.031  0.038

Total® 417 71.1 447 76.2 42.1 71.8 45.0 76.6
Protein

Intercept 4263  0.017 4235  0.016 4269  0.016 4240  0.016

Food frequency 0.135° 0.021 84 16.4 0.006 0.029 86 16.8
questionnaire

4-Day food record 0.465° 0.045 226 442 0.350° 0.056 15.7 30.7

24-Hour dietary 0.404° 0.046 16.2 31.7 0.199° 0.055 1.6 3.2
recall

Body mass index 0.012° 0.002 5.8 11.4 0.012° 0.002 5.1 10.0 0.012° 0.002 5.8 11.4 0.011° 0.002 43 8.5

Age —0.012° 0.002 4.1 8.0 —0.009° 0.002 22 43 —0.011®  0.002 3.4 6.7 —0.009* 0.002 22 4.4

Black —0.120° 0.038 —0.138°  0.034 —0.145°  0.035 —0.131*  0.035

Hispanic -0.078 0.040 2.0 3.9 —0.067 0.036 2.7 5.3 —0.069 0.037 3.0 5.9 —0.052 0036 22 43

Other minority —-0.018  0.076 0.012  0.070 —0.026  0.072 0.006  0.06

Total® 20.3 39.7 327 63.8 28.4 55.6 34.6 67.9

‘lejo eonuald 96§
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Abbreviations: NPAAS, Women’s Health Initiative Nutrition and Physical Activity Assessment Study; SE, standard error.

a Adjusted R? values (R? + by log(biomarker) correlation in the reliability subsample) correct for biomarker measurement error.

b B Coefficient differs from zero at the P

0.05 significance level.

© Total percentage of variation explained by all the variables. R? values for specific variables arise from analyses with only these regression variables, with subsequent rescaling so that

these R? values add to the total regression R2. R? values for race/ethnicity pertain to comparisons among the 4 groups (white, black, Hispanic, other minority).

interquartile range by more than 3 times its width were
excluded as outliers. Our measurement model (25, 26) as-
sumes a log(biomarker) assessment W to adhere to a classi-
cal measurement model,

W=Z+e,

where Z is the targeted nutritional variable, and e is an in-
dependent error term that is assumed to be independent of Z
and other study subject characteristics. Z can be regarded as
the logarithm of average daily consumption for the nutri-
tional factor under study over a fairly short period of time,
such as 6-12 months, in proximity to the biomarker data
collection period.
A more flexible measurement model,

Q:ao—|—aIZ+a2TV—|—e,

is considered for a corresponding log-transformed self-
report assessment Q. Here, V is a vector of study subject
characteristics that may relate to the self-report assessment;
ao, ay, and a, are regression parameters; and € is an error
term that is independent of Z, V, and the biomarker error e.

Initial analyses apply a more restrictive model with a; = 1
for the self-report assessments. This model permits a specific
focus on systematic bias in the self-report in relation to V,
through linear regression of Q — Won V. Our analyses focus
on body mass index, age, and ethnicity, characteristics that
surfaced as the major sources of systematic bias in the Nu-
trient Biomarker Study (12). Age and body mass index were
coded as quantitative variables, while indicator variables
were used to contrast minority group women to white
women.

Our principal analyses aimed to develop “‘calibrated”
consumption estimates that allow for systematic and random
measurement error in the self-report assessments. These in-
volve linear regression of Won Z and V, as arises under our
measurement model with a joint normality assumption (13).
These regression equations allow consumption estimates
to be calculated from (Q, V), for use in disease association
analyses.

The percentage of biomarker variation explained (R?) by
the (log-transformed) self-report assessment in these cali-
bration equations is used to evaluate the ‘““signal” strength
from the self-report, and traditional correlation coefficients
between Q and Ware also given. R” values for the calibrated
consumption estimates are also examined.

The biomarker data include measurement error that may
primarily reflect temporal consumption variation. The (log-
transformed) biomarker values W and W, for the initial and
repeat assessments in our reliability sample are modeled as
W, =Z+ e, and W, = Z + e,, with error terms e; and e, that
are independent with a common variance, in which case the
correlation between W; and W, estimates the variance of
Z -+ the variance of W. Hence, we also provided ‘““adjusted”
R? values by dividing the R? values from linear regression
by the squared sample biomarker correlation in the reliabil-
ity subsample. The adjusted R* values can be considered
as estimating the percentage of variation explained in the
underlying Z value.
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To allow for possible departures from normally distrib-
uted response variables, we used bootstrap procedures to
estimate standard errors and significance levels (10,000
bootstrap samples). These procedures are particularly
convenient for testing the equality of coefficients between
regression analyses of Won Q and V, for differing choices
of the self-report Q. Calibration equations arising from food
frequency questionnaire assessments from the nonoverlap-
ping Nutrient Biomarker Study and NPAAS data sets were
compared by using likelihood ratio tests based on the com-
bined data set.

Calibration equations were developed separately for
NPAAS subsets defined by race/ethnicity and body mass
index.

The urinary nitrogen biomarker was analyzed with and
without exclusions based on the PABACheck assessment
of urine collection completeness. Even though 14.7% of
samples did not meet our completeness criteria, calibration
equations differed little, and results are presented without
PABACheck exclusion, as in our Nutrient Biomarker Study
report (12).

RESULTS

Table 1 shows the distribution of demographic and life-
style characteristics in NPAAS, along with those for the
remainder of the Observational Study cohort. The oversam-
pling according to race/ethnicity, body mass index, and age
at enrollment is evident. NPAAS women were somewhat
more highly educated, more affluent, and more frequently
engaged in recreational activities compared with other
cohort members.

Table 2 shows geometric means for biomarker and dietary
assessments of energy, protein, and protein density, for as-
sessments meeting quality control criteria. The geometric
means of the self-report:biomarker assessment ratios are
also shown. Each of the 3 self-report procedures under-
estimates energy substantially (20%—27%) and protein to
a lesser extent (4%—10%), and each overestimates protein
density compared with the biomarker (16%—-25%).

Table 3 shows some results from linear regression of
log(self-report) — log(biomarker) on body mass index, age
at NPAAS participation, and race/ethnicity. Each of the
3 self-report procedures shows evidence of systematic biases
related to 1 or more of these factors, for both energy and
protein. For 4-day food record and 24-hour dietary recall
assessments, energy and protein underreporting was more
severe among women with a high body mass index or a youn-
ger age, while black women tended to further modestly un-
derestimate energy and to overestimate protein and protein
density. Food frequency questionnaire systematic bias pat-
terns included greater energy underestimation by younger
women and substantially greater underestimation of both
energy and protein by minority group women. Food fre-
quency questionnaire bias for energy in relation to body
mass index was greater (P < 0.05) in corresponding analyses
that excluded the ethnicity variables from the regression
model. Systematic biases were not evident for food fre-
quency questionnaire protein density.

Correlation coefficients between log-transformed bio-
marker and log-transformed food frequency questionnaire,
4-day food record, and 24-hour dietary recall assessments
were, respectively, 0.196 (standard error (SE), 0.044), 0.297
(SE, 0.046), and 0.167 (SE, 0.051) for energy; 0.289
(SE, 0.042), 0.476 (SE, 0.043), and 0.403 (SE, 0.041) for
protein; and 0.254 (SE, 0.041), 0.332 (SE, 0.049), and 0.264
(SE, 0.046) for protein density.

Table 4 shows regression coefficients from linear regres-
sion of log(biomarker) on log(self-report), as well as body
mass index, age, and ethnicity, thereby adjusting for the
systematic biases noted in Table 3, while also allowing these
study subject characteristics to help explain biomarker var-
iation more generally. For energy, the resulting “calibration
equations” that use food frequency questionnaire, 4-day
food record, or 24-hour dietary recall assessments, respec-
tively, explain 41.7%, 44.7%, and 42.1% of the biomarker
variation. These percentages are much larger than those from
analyses using the self-report data alone (3.8%, 7.8%, and
2.8%, respectively), with much of the added value deriving
from body mass index and age. For protein, the food
frequency questionnaire, 4-day food record, and 24-hour
dietary recall-based calibration equations provide an ex-
planation for 20.3%, 32.7%, and 28.4% of the biomarker
variation. For protein density, the corresponding percent-
ages are 8.7%, 14.4%, and 10.4%. Calibration equations
are also shown using all 3 self-reports simultaneously with
the other variables. The percentages of biomarker variation
explained were 45.0%, 34.6%, and 15.5% for energy, pro-
tein, and protein density. The strongest self-report “‘signal’’
for each of the 3 nutritional variables arises from the 4-day
food record, and the variation explained is not significantly
greater than that from the calibration equation with only
the 4-day food record self-report for energy (P = 0.67),
protein (P = 0.10), or protein density (P = 0.23).

The adjusted R? values in Table 4 suggest that the calibra-
tion equations recover a large fraction of the log-transformed
consumption variation in the underlying dietary factor
(e.g., 71%—T7% for energy), using any of the self-report
assessments, though less so for protein and protein den-
sity if the calibration procedure uses the food frequency
questionnaire.

We also estimated measurement error correlations among
pairs of assessment methods, under our measurement model
and joint normality assumptions. For energy, the estimated
measurement error correlation was 0.30 (SE, 0.05) for the
food frequency questionnaire and 4-day food record, 0.30
(SE, 0.05) for the food frequency questionnaire and 24-hour
dietary recall, and 0.50 (SE, 0.05) for the 4-day food record
and 24-hour dietary recall. The corresponding numbers
for protein were 0.35 (SE, 0.07), 0.33 (SE, 0.07), and 0.27
(SE, 0.18) and for protein density were 0.38 (SE, 0.14), 0.38
(SE, 0.12), and 0.40 (SE, 0.17).

Table 5 compares food frequency questionnaire-based
calibration equations between the 2 WHI biomarker studies.
Dietary Modification trial women tended to be slightly
younger and of higher body mass index compared with
Observational Study women. A likelihood ratio test of
equality of all coefficients is not significant for protein
(P = 0.23) or for protein density (P = 0.95). This test is
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Table 5. Comparison of Calibration Equation 3 Coefficients and Standard Errors From Regression on
Log(Biomarker) on Corresponding Log(Food Frequency Questionnaire), Body Mass Index, Age, and Ethnicity
Between the NBS (2004-2006) and the NPAAS (2007—-2009)

NBS NPAAS P Values
Variable
B SE B SE 12 22 3?
Energy

Intercept 7.628° 0.006 7.614° 0.009 0.206 0.003 0.006
Food frequency 0.058° 0.016 0.054° 0.017 0.858

questlonnalre
Body mass index 0.012° 0.001 0.013° 0.001 0.495
Age —0.005° 0.001 —0.010° 0.001 0.002
Black —0.030 0.019 —0.023 0.019 0.790
Hispanic 0.015 0.026 —0.062° 0.021 0.025
Other minority —0.081° 0.039 —0.041 0.040 0.468

Protein

Intercept 4.293° 0.013 4.263° 0.017 0.140 0.227 0.421
Food frequency 0.215° 0.03 0.135° 0.029° 0.056

questlonnalre
Body mass index 0.011° 0.002 0.012° 0.002° 0.792
Age —0.010° 0.002 —0.012° 0.002° 0.635
Black —0.136° 0.039 —0.120° 0.038° 0.779
Hispanic —0.008 0.054 —0.078 0.04 0.300
Other minority —0.096 0.084 —-0.018 0.076 0.494

Protein density

Intercept 2.658° 0.013 2.652° 0.017 0.773 0.950 0.934
Food frequency 0.409° 0.062 0.344° 0.068 0.482

questlonnalre
Body mass index —0.002 0.002 —0.002 0.002 0.909
Age —0.005° 0.002 —0.002 0.002 0.359
Black —0.080° 0.04 —0.1° 0.037 0.717
Hispanic —0.042 0.052 —0.043 0.041 0.984
Other minority 0.001 0.082 —-0.03 0.078 0.785

Abbreviations: NBS, Nutritional Biomarker Study; NPAAS, Women’s Health Initiative Nutrition and Physical Activity

Assessment Study; SE, standard error.

& Pvalue 1 compares NBS and NPAAS coefficients for specific variable; P value 2 does so (likelihood-ratio test) for
the entire set of coefficients; and P value 3 does so for all coefficients except the intercept. The NBS calibration
equation did not depend significantly on the Dietary Modification trial randomization assignment.

® Coefficient significant at the P = 0.05 level.

significant (P = 0.003) for energy, but the differences derive
from coefficients for age and for Hispanic ethnicity, rather
than from the food frequency questionnaire coefficient. The
correlations between consumption estimates using the Nu-
trient Biomarker Study and NPAAS calibration equations
are 0.95 for energy, 0.96 for protein, and 0.96 for protein
density.

Figure 2 provides scatterplots and correlation coefficients
between NPAAS visit 1 and NPAAS visit 3, for women
in the reliability subsample for log(biomarker) and each
self-report. Food frequency questionnaire correlations are
somewhat larger than those from the other self-reports,
while the correlation for the protein density biomarker is
low (r = 0.24).

The WHI food frequency questionnaire aims to assess
consumption over the preceding 3 months, whereas the

Am J Epidemiol. 2011;174(5):591-603

4-day food record and 24-hour dietary recalls target con-
sumption over a few days or weeks, respectively, in prox-
imity to biomarker assessment. Calibration equations of the
type shown in Table 4 were also carried out from reliability
subsample data by averaging the visit 1 and visit 3 log(bio-
marker) assessments and using either the visit 3 log(food
frequency questionnaire) or the average of visit 1 and visit 3
log(4-day food record) or log(24-hour dietary recall) assess-
ments as predictor variables. These analyses led to some-
what higher percentages of biomarker variation explained,
compared with Table 4. Specifically, for the food frequency
questionnaire, 4-day food record, and 24-hour dietary recall,
these percentages were, respectively, 52.3%, 58.1%, and
53.6% for energy; 24.8%, 42.6%, and 37.4% for protein;
and 15.0%, 22.4%, and 20.0% for protein density. The per-
centages of variation explained by the food frequency
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Figure 2. Scatterplot of the Women’s Health Initiative Nutrition and Physical Activity Assessment Study (NPAAS; 2007—2009) primary versus
reliability sample. Each plot provides the Pearson correlation for the log-measure. DLW, doubly labeled water; FFQ, food frequency questionnaire;

UN, urinary nitrogen; 4DFR, 4-day food record.

questionnaire, 4-day food record, and 24-hour dietary recall
data alone in these calibration equations were, respectively,
6.7%, 11.9%, and 4.3% for energy; 7.4%, 28.2%, and 18.1%
for protein, and 4.9%, 12.3%, and 8.6% for protein density.
Calibration equations were also developed separately
by race/ethnicity (white, black, Hispanic) and body mass
index (<25.0, 25.0-29.9, >30.0). The “‘signals™ from the
self-report assessment were comparatively weaker for black
women for each assessment procedure. Similarly, the signals
for overweight and obese women were weaker than those for
normal weight women for each assessment procedure. As
shown in the Web Appendix, which is posted on the Jour-
nal’s Web site (http://aje.oupjournals.org/), the fraction of
biomarker variation explained by these calibration equations
was somewhat higher for Hispanic compared with black
women, with white women intermediate; and somewhat
higher for obese compared with normal weight women for
energy, but higher for normal weight versus obese women
for protein density, with overweight women intermediate.

DISCUSSION

Four-day food records and, to a lesser extent, 24-hour
dietary recalls “recover’” more of the variation in short-term
energy and protein consumption biomarkers than does the

food frequency questionnaire in our study population, pro-
viding a possible explanation for differential association
study findings between food records and food frequency
questionnaires (4—6). However, when combined with readily
available data on body mass index, age, and ethnicity, much
larger fractions of biomarker variation can be explained:
about 40%—-45% for energy; 20%—-35% for protein; and
8%-16% for protein density. Furthermore, when these R*
values are adjusted (Table 4) to eliminate the “noise’” com-
ponent of biomarker variation, the calibration equations
provide an explanation for 70%—80% of the consumption
variation for energy, 40%—68% for protein, and 52%-93%
for protein density.

These adjusted R* values suggest that calibrated estimates
using any of the 3 assessment procedures may be sufficient
for epidemiologic association study purposes. The adjusted
R? values are noticeably higher for consumption estimates
using the 4-day food record versus those using the other
assessment procedures. However, these adjusted R? values
may be somewhat optimistic for the 4-day food records, in
that the 4-day food record recording times corresponded
closely to the biomarker assessment time period, whereas
the food frequency questionnaire targeted a preceding 3-
month period, and the three 24-hour dietary recalls were
obtained over a 2—-3-month period following biomarker as-
sessments. R® values were somewhat larger and more
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similar among assessment procedures, when based on the
repeat biomarker and dietary data in the reliability subsam-
ple. The adjusted R* values using any of the assessment
procedures could also be somewhat inflated by seasonal
consumption variations that would tend to reduce initial
and repeat log

(biomarker) correlations in the reliability subsample.

Our study examined the calibrated consumption transfer-
ability issue under near-optimal conditions of cohorts drawn
from the same catchment population in the same period
of time, but with different eligibility criteria and study
demands. Although some minor difference could be detected
in the energy calibration equation from the 2 studies, result-
ing consumption estimates were very highly correlated for
each of the dietary variables, and the equations developed
for 1 cohort can be readily applied for consumption estima-
tion in the other.

The calibrated consumption estimates can be used rather
directly in disease association studies in WHI and, poten-
tially, other cohorts of postmenopausal women, assuming
that the variables used in calibration (body mass index,
age, ethnicity) are also included in the disease risk model,
although nonstandard variance estimates are needed to ac-
knowledge uncertainty in calibration equation coefficients
(13, 14). Some important analyses, however, will need to
allow for the possibility that body mass index change is
a key variable in mediating any diet and disease association.
For this purpose, analyses that exclude body mass index
from the disease risk model can be induced from these that
include body mass index but require reliability subsample
data sufficient to estimate biomarker measurement error cor-
relations relative to dietary consumption over the perhaps
lengthy time period that may be relevant to disease risk (15).

Positive measurement error correlations among the 3 as-
sessment procedures were estimated for each of the dietary
factors, strongly arguing that biomarkers are needed for mea-
surement error correction. The fact that biomarkers adhering
to a classical measurement model have been developed for
only a few dietary components precludes a comprehensive
application of the biomarker approach to nutritional epide-
miology. The future research agenda needs to place priority
on biomarker development for additional dietary factors.

In summary, a simple calibration procedure involving
dietary self-report, body mass index, age, and ethnicity
appears able to estimate short- to intermediate-term dietary
consumption of energy, protein, and protein density among
postmenopausal US women with adequate reliability for
most epidemiologic study purposes, regardless of which of
the 3 dietary assessment procedures is utilized.
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