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Dietary intervention trials aim to change dietary patterns of individuals. Participating in such trials could impact
dietary self-report in divergent ways: Dietary counseling and training on portion-size estimation could improve self-
report accuracy; participant burden could increase systematic error. Such intervention-associated biases could
complicate interpretation of trial results. The authors investigated intervention-associated biases in reported total
carotenoid intake using data on 3,088 breast cancer survivors recruited between 1995 and 2000 and followed
through 2006 in the Women’s Healthy Eating and Living Study, a randomized intervention trial. Longitudinal data
from 2 self-report methods (24-hour recalls and food frequency questionnaires) and a plasma carotenoid biomarker
were collected. A flexible measurement error model was postulated. Parameters were estimated in a Bayesian
framework by using Markov chain Monte Carlo methods. Results indicated that the validity (i.e., correlation with
‘‘true’’ intake) of both self-report methods was significantly higher during follow-up for intervention versus non-
intervention participants (4-year validity estimates: intervention ¼ 0.57 for food frequency questionnaires and 0.58
for 24-hour recalls; nonintervention ¼ 0.42 for food frequency questionnaires and 0.48 for 24-hour recalls). How-
ever, within- and between-instrument error correlations during follow-up were higher among intervention partici-
pants, indicating an increase in systematic error. Diet interventions can impact measurement errors of dietary
self-report. Appropriate statistical methods should be applied to examine intervention-associated biases when
interpreting results of diet trials.

bias (epidemiology); diet; intervention studies; Markov chain Monte Carlo; measurement error; nutrition assess-
ment; reproducibility of results; validity

Abbreviations: CI, credible interval; WHEL, Women’s Healthy Eating and Living.

Self-reported dietary intake is commonly assessed via
either a general assessment of ‘‘usual’’ foods consumed
(i.e., food frequency questionnaires in the recent past
(e.g., 3 months)) or a detailed assessment of food intake
on a small sample of days (i.e., dietary recalls). Dietary
recalls are open-ended and, hence, are more likely to
capture food items not listed on food frequency question-
naires. Conversely, foods that are not consumed regularly
may be missed on a dietary recall. Both assessment
methods are known to have significant random and sys-
tematic error (1–5). However, these biases are a concern
for randomized dietary trials only if the intervention itself
influences the magnitude or direction of the bias. This

intervention-associated bias could occur because partici-
pants in a dietary intervention usually receive education
on food composition and portion size estimation, which
could improve self-report accuracy; alternatively, partic-
ipants may modify their dietary intake or reporting during
monitoring to appear more compliant with intervention
goals. Such biases can complicate interpretation of trial
results. For instance, significant overreporting of targeted
healthy behaviors in the intervention versus noninterven-
tion arm of a null trial could render the results inconclu-
sive, while more accurate self-report in the intervention
group could attenuate observed dietary changes between
study arms, possibly leading to the erroneous conclusion
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that the intervention did not change dietary patterns
sufficiently.

When available, biomarkers of dietary intake provide
a more objective measure of exposure and can be used to
quantify intervention-associated changes (6–8) and to inves-
tigate the biases of self-report instruments (1–5, 9–14). By
use of biomarkers, differential underreporting by interven-
tion status was noted for sodium intake (6, 7) assessed by
24-hour recalls and for energy and protein intake assessed
by food frequency questionnaires (8). Additionally, error
correlations (i.e., systematic error) of reported sodium and
potassium intakes on 24-hour recalls varied by intervention
arm (6).

Little is known about intervention-associated bias in self-
reported fruit and vegetable intakes. We investigated such
biases using data from the Women’s Healthy Eating and
Living (WHEL) Study, a randomized intervention trial of
3,088 breast cancer survivors, which examined whether
a high vegetable, fruit, fiber, and low-fat diet improved
breast cancer-free survival (15, 16). For this analysis, total
carotenoid intake was the exposure of interest. Carotenoids,
bioactive agents found primarily in fruits and vegetables,
reflect adherence to the prescribed WHEL Study interven-
tion. This report compares the validity (i.e., correlation be-
tween observed and ‘‘true’’ intake) and within-instrument
error correlations (i.e., systematic error) of 2 self-report di-
etary assessment methods, as well as a plasma carotenoid
biomarker, known to correlate with fruit and vegetable in-
take (17). Higher validity leads to better statistical power
and less bias in diet–disease risk estimates. Large systematic
error reduces the accuracy of an instrument (1, 3, 18). Thus,
quantifying measurement error of assessment methods is
key to proper design and analysis of diet studies.

MATERIALS AND METHODS

Description of the study sample

Details of the WHEL Study protocol have been reported
previously (16). Between 1995 and 2000, the study recruited
3,088 breast cancer survivors (40% stage I, 55% stage II, 5%
stage IIIA), averaging 51 years at diagnosis (range: 26–71
years), of whom 85% were non-Hispanic white, 5% His-
panic, 4% African American, and 4% Asian/Pacific Is-
lander. Participants were randomly assigned to 1 of 2 diet
groups. The comparison (i.e., nonintervention) arm (n ¼
1,551) received printed materials containing general dietary
recommendations for cancer prevention. The intervention
arm (n ¼ 1,537) was counseled to adopt a micronutrient-
and phytochemical-rich diet, including 5 vegetable serv-
ings/day, 16 ounces (~473 ml) of vegetable juice/day, and
3 fruit servings/day, all foods rich in carotenoids. Hence, the
current analysis focused on total carotenoid intake (i.e., sum
of a-carotene, b-carotene, lutein, lycopene, and b-cryptox-
anthin) from food sources and supplements, collected at
study entry (i.e., preintervention) and at 1 and 4 years post-
randomization, thus assessing short- and long-term dietary
changes. The institutional review boards of all participating
institutions approved study procedures, and written in-
formed consent was obtained from all participants.

Two self-report methods (repeat 24-hour recalls and the
Arizona food frequency questionnaires) and a plasma
biomarker (16) were used to assess dietary intake. Repeat
24-hour recalls of dietary intake and supplement use were
collected during telephone interviews by trained dietary as-
sessors blinded to the randomization allocation of partici-
pants. During these recalls, participants were queried about
food intake during the previous 24 hours. Assessments at
a particular time point consisted of the average of four 24-
hour recalls collected over a 3-week period, including 2
weekdays and 2 weekend days.

The 153-item, semiquantitative Arizona food frequency
questionnaires collected information regarding usual foods
consumed, frequency of consumption, and food preparation
methods over the previous 3 months, by use of age- and
gender-specific estimates of portions recorded as small, me-
dium, or large (16). Plasma carotenoids were separated and
quantified by a validated high-performance liquid chromatog-
raphy method (19). For the self-report instruments, total ca-
rotenoid intake was derived from reported dietary intake by
using standard databases (20, 21). Details of the timing of the
assessments were previously reported (16). Briefly, fasting
blood samples for plasma carotenoid measurements were
collected within 2–4 weeks of obtaining food frequency ques-
tionnaires and within 3 months of 24-hour recall assessments.

The statistical model

Let Yijk represent dietary intake measured on participant i
at time j with instrument k, where j ¼ 1 represents baseline
(i.e., study entry), and j > 1 represents follow-up measure-
ments. Let Tij be ‘‘true intake’’ for participant i at time j. We
posit a flexible linear measurement error model:

Yijk ¼ ak þ bkTij þ eijk ð1Þ

Tij ¼ ai þ bi 3 I
�
j > 1

�
3 I

�
group ¼ intervention

�
þ dij:

Here, ak and bk represent additive and scaling bias of instru-
ment k; I(�) is an indicator function; ai and bi are individual-
specific intakes (random intercept and slope), with mean (la,
lb) and covariance matrix Rab; dij and eijk are errors. We
assume that 1) Tij and eijk are independent; 2) errors eijk
and ersl are independent if i 6¼ r but could be correlated
otherwise, thus allowing correlated measurement error on
repeats of an instrument over time and also between instru-
ments; and 3) dijs represent random fluctuation around the
mean intake for individual i, are independent over i and j, and
are also independent of ai and bi. Note that we model the
‘‘true intake’’ of intervention subjects as baseline level (j¼ 1)
plus ‘‘average shift’’ at follow-up (j > 1) with random error,
whereas we assume each comparison group subject has (on
average) a stable diet, fluctuating around her mean intake.

Our objective was to investigate intervention-associated
biases of dietary assessment methods. Hence, we actually
allowed ak, bk, and error correlations, corr(eijk, eisl), to vary
across randomization arms. To keep notation tractable, we
do not incorporate these generalizations into model 1, re-
serving further presentation of our Bayesian hierarchical
model (22, 23) to the next section.
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We analyzed data on 3,088 WHEL Study participants
measured at 3 time points (baseline and 1 and 4 years).
We set k ¼ 1 for 24-hour recalls, k ¼ 2 for food frequency
questionnaires, and k ¼ 3 for the plasma biomarker. The
objective plasma measure was designated as ‘‘true intake’’
plus error (i.e., a3 ¼ 0, b3 ¼ 1). Errors in 24-hour recalls or
food frequency questionnaires were assumed to be indepen-
dent of plasma errors; that is, corr(eijk, eis3) ¼ 0 for k ¼ 1, 2.
This assumption is common (2, 5, 9) and defensible as one
would not expect self-report and laboratory errors to be
correlated. Finally, to render our model identifiable, we as-
signed fixed correlations ranging from 0 to 0.3 for plasma
errors over time (i.e., corr(eij3, eis3), for j 6¼ s) (5). These
correlations measure repeated errors in plasma measure-
ments (e.g., due to persistent laboratory errors) and are usu-
ally negligible. Hence, allowing error correlations as large
as 0.3 represents a worst-case scenario. The aim was to
estimate the following:

� corrðYijk; TijÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

b2
kvarðTijkÞ

b2
kvarðTijkÞþ varðeijkÞ

r
, the validity of each

self-report and biomarker over time, thus acknowledg-
ing that the plasma marker is an imperfect reference,
measured with both random and systematic error,
possibly attributable to laboratory error and person-
specific factors (‘‘var’’ denotes ‘‘variance’’);

� corr(eijk, eisl), within- and between-instrument error cor-
relations for 24-hour recalls (k ¼ 1) and food frequency
questionnaires (k ¼ 2);

� ak, bk for k ¼ 1, 2, additive and scaling coefficients for
each instrument;

� la, average true intake at baseline;
� lb, average change achieved by the intervention at follow-

up; and
� corr(ai, bi), the correlation between baseline intake and

change achieved for intervention participants.

Previously, we estimated validity and error correlations
of these assessment methods among a subsample in the
WHEL comparison arm (5). In this analysis, we examine
whether the measurement error properties of self-report
instruments change after participation in a dietary inter-
vention. Previously (5), we used a method of moments
technique, an approach that becomes intractable with mul-
tiple time points and unbalanced data. Here, we applied a
Bayesian approach (22, 23) described in the next section.

Estimation

A Markov chain Monte Carlo approach using the soft-
ware WinBUGS (24) was applied. The model presents itself
as a hierarchy starting from an assumed multivariate normal
likelihood on the dietary intake measurements (observed
and true intake) Yijk and Tij, characterized by parameters
a, b, a, b, and various covariance matrices on which
prior distributions are placed. In particular, for participants
i¼ 1, . . ., n, time points j¼ 1, 2, 3, and instruments k¼ 1, 2,
3, with Ip denoting a p 3 p identity matrix, assume the
following:

0
@Yi:1

Yi:2

Yi:3

1
A~normal

8<
:
0
@m24h

mFFQ

mlab

1
A;

�
RRQ 0
0 RL

�9=
;; ð2Þ

where Yi.k ¼ (Yi1k, Yi2k, Yi3k) is the observed dietary intake
vector at baseline and 1 and 4 years for individual i on in-
strument k,

m24h ¼ ða1 þ b1Ti1; a1 þ b1Ti2; a1 þ b1Ti3Þ;

mFFQ ¼
�
a2 þ b2Ti1; a2 þ b2Ti2; a2 þ b2Ti3

�
;

mlab ¼ ðTi1; Ti2;Ti3Þ;

RRQ ¼
�
R24h R24h;FFQ

R24h;FFQ RFFQ

�
;

and

RL ¼
0
B@

r
1
2

lab1
0 0

0 r
1
2

lab2
0

0 0 r
1
2

lab3

1
CA
0
B@

1 r12 r13

r21 1 r23

r31 r32 1

1
CA
0
B@

r
1
2

lab1
0 0

0 r
1
2

lab2
0

0 0 r
1
2

lab3

1
CA:

RL denotes the error covariance matrix over time for the
plasma marker. The 3 3 3 matrices R24h (24 hours) and
RFFQ (food frequency questionnaires) represent error co-
variances over time within instrument and the 3 3 3 matrix
R24h, FFQ represents error correlations between instruments.
As mentioned previously, a’s, b’s, and RRQ were allowed to
differ by randomization arm.

True dietary intakes are modeled in the second level of
the hierarchy as

Tij~normal
�
lTij ; r

�1
Tj

�
; j ¼ 1; 2; 3; ð3Þ

where lTi1 ¼ ai and lTi2 ¼ lTi3 ¼ ai þ bi3I
�
group ¼

intervention
�
.

Conjugate prior distributions are placed on the parame-
ters in expressions 2 and 3 as follows:

ak ~ normal
�
lak ;r

�1
ak

�
; k ¼ 1; 2

bk ~ normal
�
lbk ;r

�1
bk

�
; k ¼ 1; 2�

ai
bi

�
~ normal

��
la
lb

�
;Rab

	

R�1
RQ ~wishartðI6; mRQÞ

r�1
labj

~ gamma
�
La; Lb

�
; j ¼ 1; 2; 3

rTj iid gamma
�
Ta; Tb

�
; ð4Þ
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where iid denotes variables independent and identically
distributed.

The next level of the hierarchy specifies further conjugate
distributions on the hyperparameters characterizing the
prior distributions in expression 4 as follows:

la1
; la2

iid normal
�
0;ra

�
lb1

; lb2
iid normalð0;rbÞ

ra1
;ra2

;rb1
;rb2

iid gamma
�
sa; sb

�
la; lb iid normalð0;rabÞ

R�1
ab ~wishartðI2; mabÞ: ð5Þ

All further parameters in the distributions of expressions 4
and 5 are specified and known. Noninformative prior distri-
butions were assumed: Gamma prior distribution parameters
were set to 0.01, normal distribution parameters were char-
acterized by large dispersions ra ¼ rb ¼ rab ¼ 1,000, and
‘‘wishart’’ distribution degrees of freedom were specified as
mab ¼ 2 and mRQ ¼ 6. In sensitivity analysis, different co-
variance structures, namely, compound symmetry (i.e., rjt¼ r
fixed) or first-order autoregressive (i.e., rjt ¼ rjj–tj) were
specified for RL, the plasma error covariance matrix, with
r varied between 0 and 0.3.

These models were fit to WHEL data. Self-reported total
carotenoid intakes were adjusted for body mass index and
total energy intake, while plasma carotenoid concentrations
were adjusted for body mass index and total plasma choles-
terol (17). Fewer than 5% of WHEL women were current
smokers; hence, this factor was not included in the models
(17). Similar to other reports (3), these adjusted outcome
variables were derived as marginal residuals from linear
mixed-effects models (25), which included a random inter-
cept. All variables were log transformed. A total of 40,000
iterations were run, the first ‘‘burn-in’’ 5,000 were dis-
carded, and the remaining 35,000 were used for inference.
Trace, density, and autocorrelation plots were obtained
to assess model diagnostics, and they indicated that model
fit was adequate. Posterior medians with 95% credible
intervals (of measurement error parameters derived from
model 1) were estimated. Additionally, summary statistics
for unadjusted, untransformed carotenoid levels were
calculated.

RESULTS

As previously reported, the WHEL intervention achieved
large changes in dietary pattern at 1 and 4 years of follow-up
(26–28). Carotenoid intake increased markedly in the inter-
vention arm (26, 28, 29) irrespective of assessment method,
with minimal changes in the comparison group (Table 1).
Similar results hold for the model-based true intake distri-
bution, Tij, represented in model 1 by 2 subject-specific
effects, ai (representing carotenoid intake at baseline), and
bi (parameterizing changes in carotenoid levels among in-
tervention group participants). The estimated median true
intake at baseline was la ¼ �0.12 (95% credible interval
(CI): �0.13, �0.10), the negative values likely due to log
transformation and various covariate adjustments. The me-
dian change for intervention subjects was lb ¼ 0.42 (95%
CI: 0.40, 0.45), corroborating the significant increases in
observed carotenoid intake achieved by the WHEL inter-
vention (Table 1). The median correlation between the 2
subject-specific effects was 0.10 (95% CI: –0.01, 0.23),

Table 1. Dietary Intake and Sample Characteristics for Key

Covariates by Randomization Arm and Follow-up Year in a WHEL

Sample of 3,088 Breast Cancer Survivors Recruited Between 1995

and 2000 and Followed Through 2006

Covariate, Assessment
Method, and Years

Randomization Group, mean (SD)

Comparison
(n 5 1,551)

Intervention
(n 5 1,537)

Carotenoidsa

24-Hour recalls,
mg/day

Baseline 19.61 (34.93) 18.76 (15.46)

1 year 19.83 (48.61) 59.44 (32.63)

4 years 18.16 (49.71) 45.41 (31.01)

Arizona food frequency
questionnaire,
mg/day

Baseline 24.32 (25.11) 23.98 (19.22)

1 year 26.43 (52.58) 48.16 (26.85)

4 years 22.38 (26.90) 36.25 (22.14)

Plasma, lmol/L

Baseline 2.32 (1.46) 2.26 (1.28)

1 year 2.33 (1.40) 3.70 (2.41)

4 years 2.21 (1.19) 3.15 (2.05)

Energy intake

24-Hour recalls,
kcal/day

Baseline 1,717.0 (414.6) 1,719.0 (400.7)

1 year 1,605.0 (391.4) 1,603.0 (351.1)

4 years 1,574.0 (392.7) 1,552.0 (358.1)

Arizona food frequency
questionnaire,
kcal/day

Baseline 1,919.0 (808.0) 1,912.0 (905.5)

1 year 1,819.0 (781.2) 1,910.0 (738.3)

4 years 1,670.0 (734.0) 1,755.0 (702.3)

Cholesterol

Plasma, mg/dL

Baseline 196.5 (39.7) 195.7 (40.4)

1 year 195.2 (39.1) 192.8 (39.2)

4 years 197.8 (36.0) 198.8 (38.3)

Body mass index, kg/m2

Baseline 27.2 (6.1) 27.2 (5.9)

1 year 27.5 (6.1) 27.1 (5.6)

4 years 27.6 (6.0) 27.5 (5.8)

Abbreviations: SD, standard deviation; WHEL, Women’s Healthy

Eating and Living.
a Self-reported carotenoid data comprise dietary plus supplement

intake.
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implying that the changes achieved by the intervention were
minimally influenced by a participant’s carotenoid intake at
baseline.

Validity of dietary assessment methods

Validity is the correlation between observed and ‘‘true’’
intake. Higher validity indicates better accuracy at ranking
individuals by dietary intake level (18). Clearly, a validity
value of 1 would be ideal, but values �0.5 are common for
dietary self-report (3). For the WHEL sample, the plasma
marker exhibited the highest validity (corr(Yijk, Tij)) irre-
spective of intervention status, although, as expected, these
values were less than the ideal validity coefficient of 1,
reflecting the realistic scenario of laboratory and person-
specific errors for this marker (Table 2). The validity of
24-hour recalls ranged from 0.44 to 0.48 at different time
points within the comparison arm and from 0.44 to 0.58 for
intervention subjects, assuming independent plasma errors
(i.e., r ¼ 0) (Table 2). Interestingly, 24-hour recalls ex-
hibited significantly higher validity at years 1 and 4 for in-
tervention subjects, as evidenced by nonoverlapping 95%
credible intervals between intervention and comparison
group estimates. A similar nonoverlapping of credible in-
tervals was observed for food frequency questionnaires,
with comparison group validity ranging from 0.39 to 0.42
and intervention group validity between 0.39 and 0.57.
Thus, participating in the intervention improved self-report
accuracy.

Comparing between instruments, 24-hour recalls ex-
hibited numerically higher validity than food frequency
questionnaires at each time point, although all credible in-
tervals were overlapping. Importantly, both methods had
similar validity at 1- and 4-year assessments in the interven-
tion arm, indicating comparable accuracy for foods con-
sumed regularly (e.g., fruit and vegetable intakes which
were a major focus of the WHEL intervention).

Results were robust to varying assumptions regarding the
plasma error covariance structure RL (plasma error correla-
tion r¼ 0.3 presented in Table 2; data not shown for r¼ 0.1,
0.2).

Error correlations within and between self-report
methods

Within-instrument error correlations. Error correlations
between repeated assessments (Table 3) represent the sys-
tematic error of each instrument and equal the proportion of
error variance due to person-specific bias (5). For compar-
ison group subjects, error correlations of baseline with
follow-up 24-hour recalls were similar: 0.32 for baseline-1
year and 0.27 for baseline-4 year correlations. The 1
year-4 year error correlations ¼ 0.42, however, were signif-
icantly higher than the baseline-follow-up correlations, sug-
gesting a higher systematic error on postrandomization
measures. In the intervention group, baseline-follow-up
error correlations were much lower (0.02 for baseline-1 year
and 0.09 for baseline-4 year). These negligible error

Table 2. Validitya of the Self-Report Instruments and Plasma Marker for Total Carotenoids in a WHEL Sample of 3,088 Breast Cancer Survivors

Recruited Between 1995 and 2000 and Followed Through 2006

Assessment
Methodb and Years

Error Correlation in Repeated Plasma Measurements (r)

r 5 0 r 5 0.3c

Comparison (n 5 1,551) Intervention (n 5 1,537) Comparison (n 5 1,551) Intervention (n 5 1,537)

Validity
Estimate

95% Credible
Interval

Validity
Estimate

95% Credible
Interval

Validity
Estimate

95% Credible
Interval

Validity
Estimate

95% Credible
Interval

24-Hour recalls

Baseline 0.44 0.40, 0.48 0.44 0.40, 0.48 0.44 0.40, 0.47 0.44 0.40, 0.47

1 year 0.46 0.42, 0.49 0.56 0.52, 0.60 0.45 0.41, 0.48 0.55 0.51, 0.59

4 years 0.48 0.44, 0.52 0.58 0.54, 0.62 0.49 0.45, 0.53 0.57 0.54, 0.61

Arizona food frequency
questionnaire

Baseline 0.39 0.35, 0.43 0.39 0.35, 0.43 0.38 0.34, 0.42 0.38 0.34, 0.42

1 year 0.42 0.38, 0.46 0.53 0.49, 0.57 0.41 0.37, 0.45 0.52 0.48, 0.56

4 years 0.42 0.38, 0.46 0.57 0.53, 0.61 0.42 0.38, 0.46 0.57 0.53, 0.61

Plasma

Baseline 0.85 0.82, 0.86 0.85 0.82, 0.86 0.87 0.84, 0.90 0.87 0.84, 0.90

1 year 0.90 0.88, 0.93 0.93 0.91, 0.95 0.90 0.87, 0.93 0.93 0.91, 0.96

4 years 0.87 0.85, 0.90 0.91 0.89, 0.93 0.87 0.84, 0.89 0.91 0.89, 0.93

Abbreviation: WHEL, Women’s Healthy Eating and Living.
a ‘‘Validity’’ is defined as the correlation between observed and true dietary intake, reflecting the accuracy of the assessment method.
b Self-reported dietary intakes adjusted for body mass index and total caloric intake; plasma markers adjusted for plasma cholesterol and body

mass index.
c Assumed first-order autoregressive correlation structure for plasma error matrix.
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correlations possibly reflect changes in reporting practices
accompanying the changes in dietary intake among inter-
vention participants. However, 1 year-4 year error corre-
lations for 24-hour recalls were 0.59 for intervention
participants, significantly higher than for nonintervention
subjects. Thus, for 24-hour recalls, the proportion of error
variance attributable to subject-specific factors was higher
for postrandomization assessments versus baseline-follow-
up assessments for both study arms, with a significantly
larger impact for intervention subjects.

Error correlations for repeated food frequency question-
naires among comparison subjects (Table 3) were higher
than for 24-hour recalls (with nonoverlapping credible in-
tervals for baseline-1 year and baseline-4 year values). In-
terestingly, for food frequency questionnaires, baseline-1
year and 1 year-4 year error correlations were similar
(0.55 vs. 0.51), indicating that the error structure of food
frequency questionnaires was less affected at follow-up
compared with 24-hour recalls among comparison group
women. For intervention subjects, baseline-follow-up error
correlations for food frequency questionnaires were signif-
icantly lower than the corresponding comparison arm
values, but they were significantly higher than 24-hour re-
call estimates (with nonoverlapping credible intervals) for
intervention participants, indicating more consistent sys-
tematic error in food frequency questionnaires even after
commencement of a dietary intervention. For food fre-

quency questionnaires, 1 year-4 year intervention group er-
ror correlations were 0.58, numerically higher than
comparison group values, and similar to corresponding
24-hour recall intervention group estimates. Results were
essentially unchanged when plasma error correlations were
varied between 0 and 0.3.

Between-instrument error correlations. Between-instru-
ment error correlations (Table 3), representing shared sys-
tematic error (e.g., similar recall biases) between
instruments, were consistent over time, equaling �0.40 for
the comparison group, but were significantly higher at 1 and
4 years for the intervention arm (0.68 at 1 year and 0.51 at 4
years). Thus, using one self-report instrument to validate
another could overstate the accuracy of the instruments be-
cause of shared errors between them (2, 3, 5). More impor-
tantly, our results suggest that participating in a dietary
intervention actually increased error correlation between
self-report instruments.

Additive and scaling coefficients of self-report
instruments

Additive (ak) and scaling (bk) coefficient values (model 1)
for an unbiased instrument would be ak ¼ 0 and bk ¼ 1,
yielding observed intake equal to ‘‘true intake’’ plus
‘‘random error.’’ Given the different measurement scales
between self-report (mg/day) and plasma carotenoids

Table 3. Error Correlations Withina and Betweenb Self-Report Instruments for Total Carotenoid Intake in a WHEL Sample of 3,088 Breast

Cancer Survivors Recruited Between 1995 and 2000 and Followed Through 2006

Assessment
Methodc and Year

Error Correlation in Repeated Plasma Measures (r)

r 5 0 r 5 0.3d

Comparison (n 5 1,551) Intervention (n 5 1,537) Comparison (n 5 1,551) Intervention (n 5 1,537)

Error
Correlation
Estimate

95% Credible
Interval

Error
Correlation
Estimate

95% Credible
Interval

Error
Correlation
Estimate

95% Credible
Interval

Error
Correlation
Estimate

95% Credible
Interval

Within 24-hour recalls

Baseline, 1 year 0.32 0.27, 0.37 0.02 �0.06, 0.10 0.32 0.27, 0.38 0.00 �0.07, 0.08

Baseline, 4 years 0.27 0.21, 0.33 0.09 0.02, 0.16 0.27 0.21, 0.33 0.08 0.01, 0.15

1 year, 4 years 0.42 0.37, 0.48 0.59 0.53, 0.63 0.43 0.37, 0.48 0.59 0.54, 0.64

Within Arizona food
frequency questionnaire

Baseline, 1 year 0.55 0.50, 0.59 0.19 0.12, 0.26 0.55 0.51, 0.59 0.17 0.10, 0.24

Baseline, 4 years 0.39 0.33, 0.44 0.23 0.17, 0.30 0.39 0.34, 0.44 0.23 0.16, 0.29

1 year, 4 years 0.51 0.46, 0.56 0.58 0.52, 0.63 0.51 0.46, 0.56 0.58 0.53, 0.63

Between Arizona food
frequency questionnaire
and 24-hour recalls

Baseline 0.40 0.36, 0.45 0.40 0.36, 0.45 0.41 0.36, 0.45 0.41 0.36, 0.45

1 year 0.42 0.36, 0.47 0.68 0.65, 0.72 0.42 0.36, 0.47 0.69 0.65, 0.72

4 years 0.39 0.34, 0.44 0.51 0.45, 0.56 0.39 0.34, 0.44 0.51 0.46, 0.56

Abbreviation: WHEL, Women’s Healthy Eating and Living.
a Within-instrument error correlations represent systematic error and can be interpreted as the proportion of error variance due to subject-specific

bias.
b Between-instrument error correlations represent shared systematic error (e.g., recall bias) between instruments.
c Self-reported dietary intakes adjusted for body mass index and total caloric intake; plasma markers adjusted for plasma cholesterol and body

mass index.
d Assumed first-order autoregressive correlation structure for plasma error matrix.
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(lmol/L) and the various transformations and covariate ad-
justments applied to the observed data (Yijk), neither self-
report method is expected to exhibit these ideal coefficient
values. Nevertheless, comparing coefficients between in-
struments and randomization arms permits further illustra-
tion of different biases.

The scaling factors (bk’s) were significantly higher (closer
to the ideal value of 1) for 24-hour recalls versus food fre-
quency questionnaires, irrespective of randomization arm
(Table 4). For food frequency questionnaires, b estimates
were closer to unity for the intervention versus comparison
group, but the 95% credible intervals did not include unity
for either group. Interestingly, for 24-hour recalls, bk
switched from being below unity in the comparison arm
to above unity in the intervention arm, again indicating pro-
found intervention effects on biases of 24-hour recalls. Ad-
ditive factors (ak) were close to zero for both instruments in
the intervention group, but they were significantly different
from zero for the comparison group. Further, in the compar-
ison arm, 24-hour recalls displayed significantly larger ad-
ditive bias than did food frequency questionnaires.

DISCUSSION

Participation in a dietary intervention trial can affect the
accuracy of self-reported intake (6–8). Our results show that
the validity of 24-hour recalls and food frequency question-
naires for capturing carotenoid intake improved substantially
for participants randomized to the WHEL intervention
arm. WHEL Study participants were counseled to consume
carotenoid-rich fruits and vegetables and trained to better
estimate portion sizes. These factors could have resulted in
more accurate recall of intake, as well as real increases in
usual intake of fruits and vegetables. However, this improve-
ment in validity among intervention subjects was accompa-
nied by a substantial increase in within-instrument error
correlations for 1 year–4 year (i.e., postrandomization) as-
sessments, especially for 24-hour recalls. Participant burden

could have induced subjects to reduce 24-hour recall inter-
view time by either repeatedly under- or overreporting intake
in certain set ways, thereby increasing systematic error. Ad-
ditionally, since 24-hour recalls were prescheduled in the
WHEL Study, participants may have altered (i.e., increased)
fruit and vegetable intake on the scheduled recall day, in
order to appear more compliant with the intervention goals
or simply because of the continual intervention emphasis on
self-monitoring of food intake (16). This effect could poten-
tially be mitigated by having random, unscheduled 24-hour
recall interviews. However, unscheduled recalls reduce re-
sponse rates. Hence, the WHEL Study elected to conduct
prescheduled 24-hour recalls in order to minimize missing
data.

Reconciling these apparently conflicting results among
WHEL Study intervention participants is important: Im-
proved validity likely resulted from participant training and
habituation to a diet rich in fruits and vegetables, thereby
improving self-report accuracy. Psychosocial factors and
participant burden possibly led to increased systematic error.

Our findings for the comparison group confirm previous
reports (2–4, 10–13) that self-report methods have moderate
validity and high systematic and between-instrument errors.
These similarities are striking given the different popula-
tions (healthy individuals vs. cancer survivors) and dietary
components investigated across studies. Interestingly,
within 24-hour recall error correlations were higher for 1
year-4 year versus baseline-follow-up measures, indicating
an increase in postrandomization systematic error among
comparison group women. Volunteering for a dietary inter-
vention trial and participant burden (i.e., a response-set bias
from repeated assessments) may have systematically biased
reporting among WHEL Study comparison group women.

This study has many strengths and limitations. The
WHEL Study offers a large sample with dietary self-report
and an objective biomarker assessed at multiple time points.
However, there is no recovery biomarker for fruit and veg-
etable consumption. Hence, the absolute extent and degree

Table 4. Additive (ak) and Scaling (bk) Bias for Each Self-Report Instrument for Total Carotenoid Intake in a WHEL Sample of 3,088 Breast

Cancer Survivors Recruited Between 1995 and 2000 and Followed Through 2006

Assessment
Methoda

Error Correlation in Repeated Plasma Measures (r)

r 5 0 r 5 0.3b

Comparison (n 5 1,551) Intervention (n 5 1,537) Comparison (n 5 1,551) Intervention (n 5 1,537)

Bias
Estimate

95% Credible
Interval

Bias
Estimate

95% Credible
Interval

Bias
Estimate

95% Credible
Interval

Bias
Estimate

95% Credible
Interval

24-Hour recalls

a1 �0.24 �0.27, �0.22 0.06 0.02, 0.10 �0.25 �0.27, �0.22 0.07 0.03, 0.11

b1 0.77 0.70, 0.84 1.10 1.01, 1.19 0.74 0.67, 0.81 1.04 0.96, 1.13

Arizona food frequency
questionnaire

a2 �0.11 �0.13, �0.09 0.02 �0.01, 0.05 �0.11 �0.13, �0.09 0.03 �0.01, 0.06

b2 0.55 0.49, 0.61 0.70 0.64, 0.76 0.53 0.47, 0.58 0.66 0.61, 0.72

Abbreviation: WHEL, Women’s Healthy Eating and Living.
a Self-reported dietary intakes adjusted for body mass index and total caloric intake; plasma markers adjusted for plasma cholesterol and body

mass index.
b Assumed first-order autoregressive correlation structure for plasma error matrix.
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of bias in fruit and vegetable self-report cannot be
determined. Our results are derived from a predominantly
non-Hispanic white sample of breast cancer survivors par-
ticipating in a clinical trial, a population that is likely to be
better educated and more motivated than the general pop-
ulation. We cannot compare changes in reporting practices
between an intervention and true control group, namely, an
observational cohort followed for the same period, which
did not receive any dietary advice. Our Bayesian approach
(22, 23) permits flexible model development, can handle
missing data, can incorporate data from multiple sources,
and appropriately assesses uncertainty in parameter esti-
mates, but it can be computationally challenging.

There are important lessons to be learned. These data
confirm that both self-report methods have moderate
validity and substantial subject-specific bias (2, 3). Strate-
gies to improve reporting accuracy and to reduce participant
burden may increase validity and lower within-instrument
error correlations. From a statistical perspective, longitudi-
nal studies should use flexible approaches for data analysis,
such as mixed models (25) or Bayesian methods (22, 23),
which can incorporate person-specific bias terms and model
flexible error covariance structures. Improper modeling
could yield biased regression coefficients and standard error
estimates, as well as incorrect P values, leading to poten-
tially erroneous interpretation of intervention effects.

Accurate assessment of dietary intake is crucial for ob-
taining unbiased diet-disease risk estimates (1). Our results
suggest that participating in an intervention might improve
self-report validity, thus reducing biases in diet-disease risk
estimates. However, repeated dietary assessment increases
the systematic error of self-report. Biomarkers, albeit ex-
pensive, are useful for quantifying biases and calibrating
self-report methods (4, 9, 14). Analytical methods that care-
fully model the various biases and error structures should be
implemented. Incorporating and planning for these factors
in study design and analysis are a key first step toward
uncovering the role of diet in disease prevention.
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