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ABSTRACT
(not to exceed 200 words)

Knowledge of the regression relationship between dietary intake reported on
a food frequency questionnaire and true average intake is useful in interpreting
results from nutritional epidemiologic studies and in planning such studies.
Studies which validate a qﬁestionnaire against a food record may be used to
estimate this regression relationship provided the food record is completed by each
subject on at least two occasions. Using data from the pilot study of the Women’s
Healfh Trial, we show how variation in diet over time and intraindividual
correlation between a questionnaire and food record obtained close together in time
affects the estimation of the regression. Our method provides estimates of the
regression slope and the questionnaire “bias” that are corrected for these effects,
together with standard errors. In an Appendix we prdvide a SAS program to carry

out the analysis.

[137 words]

Key words: (not more than eight)
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INTRODUCTION

Food frequency questionnaires are now quite commonly used to obtain
estimates of individuals’ dietary intake and so relate diet to the development of
various diseases. Unfortunately the data gathered from a questionnaire can give
estimates of dietary intake which are seriously in error. Questionnaires therefore
need to be validated against a more reliable source of information, such as a
detailed record of all food eaten by an individual over a period of one day or more
(1). Itis quite common to report the correlation between a questionnaire and the
food record. However, the food record may not be a good estimate of average intake
over a long period, as the food record represents intake over a very short period and
there is considerable variation in intake over time (2,3). Thus several food records -
may be taken and the questionnaire validated against the average of these, with the
assumption that this average is precise enough to substitute for the true average
intake.This assumption is often unjustified. Methods are available to correct for the
imprecision (2,3). Salvini et al. (4) have recently employed these methods to correct

correlations for week-to-week variation in food consumption.

A second statistical phenomenon which can affect the validation is the
presence of correlation between intakes from questionnaires and food records taken
at approximately the same time. For example if a questionnaire and food record are
taken twice each, once at the beginning and once at the end of the a study, then the
first questionnaire may agree more closely with the first food record than with the
second one. Beaton et al. (3) term this phenomenon “intraindividual correlation”
and show that it will lead to apparent (but not real) enhancement of the validity of
the questionnaire. They give a method to adjust the estimates of correlation of

questionnaire on food record for the presence of intraindividual correlation.
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However, the method seems rarely to be used. Willett (5) remarks that the
assumption of no intraindividual correlation “does not appear to be seriously

violated in most instances.”

While correlation is a useful measure of the validity of a questionnaire, it is
often more informative to obtain a regression equation between quantitative and
food record. Such regression relationships are helpful in examining the nature of
possible biases in the questionnaire, for example the possible tendency for those
with low-calorie diets to overestimate the amount they are eating. Moreover,
knowledge of the regression relationship is useful in interpreting the published
results of nutritional epidemiologic studies (6), planning epidemiological studies of
diet and disease (7), and in correcting the results of such studies for dietary

measurement error (8).

As with correlation coefficients, estimates of regression slopes and intercepts
can be affected by variation in diet and intraindividual correlation. In this paper we
demonstrate the importance of adjustments to regression slopes and intercepts, as
well as correlations, for variation in diet and intraindividual correlation. We use
data from the pilot phase of the Women’s Health Trial (9), which include a food
frequency questionnaire completed twice and a food record completed three times by
each subject. Analysis of these data require a statistical model which incorporates
the measurements from multiple questionnaires and food records, allowing
estimation of regression parameters and their standard errors. In an Appendix we
describe the ﬁﬂl statistical model which underlies our analysis and provide a SAS

program for pérforming the calculations.
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HOW VARIATION IN DIET AFFECTS VALIDATION OF THE
QUESTIONNAIRE

Validation of a questionnaire requires a comparison of the intakes obtained
from the questionnaire with the average intakes obtained from several food records.
If correlations are used to assess the strength of this relationship, then the higher
the correlation, the better is the validation. If a regression of questionnaire versus
average food record is presented, then desirablle characteristics of the regression
would be an intercept of approximately zero and a slope of approximately 1. These
would indicate that the questionnaire is “unbiased,” i.e. on average the
questionnaire intake will equal the average food intake. Even when these
conditions are met the questionnaire intakes will typically be quite widely spread
about the average food intake, with consequently low correlation between
questionnaire and food record. However in many cases validation shows, besides
low correlations (between 0.3 and 0.7), slopes of less than 1. This finding has been

termed the “flattened slope” effect (10).

Different interpretations of the flattened slope effect exist. One
interpretation is that the effect is due to reporting bias. People with low intakes
tend to overestimate their intake on a questionnaire, whereas those with high
intakes tend to underestimate. This explanation is attractive since it coincides with
our perception that people with extreme eating habits would like to be thought to
behave somewhat nearer to the norm. A second interpretation is that the effect is
due to the “error” in the food record, i.e. variatioh in food intake over time (11). A
third interpretation of the effect is that a scale difference exists in the conversion of

questionnaire and food record items to estimated nutrient intakes.
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In the following we introduce a simple statistical model which will help us to
study quantitatively the influence of variation in food intake over time on the
estimated regression slope. This model involves only a single application of the
questionnaire for each subject. The full model described in the Appendix

incorporates repeated applications of the questionnaire.

Suppose that for any subject a food record intake F is obtained at a time
randomly chosen in a given interval during which average intake is to be estimated.
Let the food record intake F be equal to the true average intake T plus some random
error u. We assume that u is independent of T and its variance is the same for any
value of T. These assumptions accord quite well with data on percent calories from
fat intake and with the logarithmic transforniation of intakes of nutrients such as
calories and protein. We can show under these assumptions that if Bqt is the slope
relating intake reported on a single questionnaire Q to true average 1ntake T then

the regression slope Bqr of questionnaire on food record is given by

2
Ogp J

(D

Bqr = Bqr var (F) =Bar [O'BF + O'WF/ ng

where °B2F and G“%F are the between (inter) and within (intra) components of

variance for the food record and nf is the number of food records included in the
average. The multiplication factor GBZF/ ( Opp + O'WF/ nF) is always less than or
equal to 1, so equation (1) describes the tendency for the regression slope of
questionnaire on food record to be less than the slope of questionnaire on truth. In
particular if the latter is 1 then Bqr will tend to be less than 1, as in the observed
flattened slope effect.
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From equation (1) we may obtain a formula for calculating the‘ trﬁe

regression slope Bqr of questionnaire on average intake. Thus
o 2
Bar = Bar (1 + ﬁg} (2)

It may be thought that since the value F comes from the average of several
food records the multiplication factor in equation (2) is close enough to 1 to make
little difference. However calculations with data gathered in the pilot phase of the
- Women’s Health Trial indicate that this factor can be substantially greater than 1.
In this study women volunteers, aged 45 to 69 years, were randomized to one of two
groups: those counselled to eat a low fat diet and those who were not so counselled.
Food records were satisfactorily completed by 85 subjects in the Usual Diet group at
the beginning of the study, 6 months, 1 year and 2 years. Records completed by the
subjects in the Low Fat Diet group were not included in this analysis. Since the
reported average caloric intakes of the Usual Diet Group appeared at baseline to be
higher than after entry to the study, the baseline record was excluded and the
average of the remaining 3 food records was used. Thus np = 3. Estimates of the
multiplication factor in equation (2) ranged from 1.20 to 1.35 for the 5 nutrients
examined (Table 1). A semi-quantitative food frequency questionnaire developed by
Block et al (12) was completed at 1 and 2 years. At 1 year the women were
instructed to report intake over the previous 6 months; at 2 years they were
instructed to report the previous 12 months intake. Relating these questionnaire
responses separai:ely to the average of the food record, the flattened slope effect (BQF
< 1) is evident for all 5 nutrients (Table 1). Estimates of the true slope QT are also
shown. These values are generally near 1 and indicate that the flattened slopes

may be explained by variation in diet. However this conclusion is premature since
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we have not yet accounted for intraindividual correlation. This is done in the next

section.

Besides affecting regression slopes, variation in the food record over time also

affects correlations. If PoF is the correlation between questionnaire and food record

and PQT is the correlation between questionnaire and truth, then under the same

assumptions as above:

G 2
- BF | (3)
Par = Par GézF + °V§27F/ ng

Thus PQF is modified by the square root of the multiplication factor pertaining to

equation (1). Since the square root brings the factor closer to 1, Pqr is not affected
as strongly as Bqr by variation in diet. Table 2 shows estimates of Pqr and PQr for

the 1 year and 2 year questionnaires. Confidence intervals for the estimate of PQr

~ can be obtained by a method described by Rosner and Willett (13).

INTRAINDIVIDUAL CORRELATIONS

In the discussion of the previous section an unstated assumption was that
within an individual the questionnaire and the food record are uncorrelated. The
intraindividual correlation between a questionnaire and food record which are
administered in proximity is a measure of the tendency for the two to be closer in
agreement thén other questionnaires and food records administered at times more
distant. If a study were designed so that each individuali (i =1, ... ,n) were
assessed by a questionnaire and food record at times j (j = 1, ... ,n) then the

intraindividual correlation would be estimated by:
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M::s

1

1J§1(Qij-§i) (Fi- Fi)/ (EE(QU qQ )1(2 E (Fy- F )2)

where Qij, F;; are subject i’s responses to questionnaire and food record at time j and

Q i, F;are the mean responses of the ith subject. Note that all variances and

covariances are calculated within individual in this estimation. Contrary to the

assumption of the previous section, intraindividual correlations due to proximity of
a questionnaire and food record are not only non-zero, but, as shown below, can be

substantial.

Taking two questionnaires or two food records in proximity, or taking a food
record and a questionnaire in proxiinity is likely to induce correlated errors for two
reasons. Firstly, subjects may remember their responses to the first inquiry and
repeat them on the second inquiry. This will affect primarily questionnaire data.
Secondly, since both are taken close together they will not capture the full variation
of diet over time. They are therefore more likely to'be in agreement with each other
than with other questionnaires or food records taken at more distant time points.

This will apply to both questionnaires and food record data.

For the data in our example the food records and questionnaires are taken at
intervals of 6 months or 1 year. However the 1-year questionnaire and food record
were taken in close proximity to each other, as were the 2-year questionnaire and
food record. Table 3 displays the estimated intraindividual correlation between the
questionnaire and its prbximate food record. These estimates are obtained from a
formula similar to that given above, but adjusted for the unequal number of
questionnaires (2) and food records (3), as described in the Appendix. The
correlation is negligible for carbohydrate, moderate for calories and protein, and

high for saturated fat and percent calories from fat.
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This correlation has an effect on the estimate of the regression slope of

questionnaire on food record. Specifically if we denote the intraindividual

correlation by r and the within component of variance for the questionnaire by G“?Q

then we can write:

2
BQTGBF +r GWFGWQ/ ng
2
Opp + O'WF / ng

BQF = ’ (4)

where np is the number of food records taken.

Equation (4) is the same as equation (1) if r equals zero. Positive values of r
tend to increase the observed slope of questionnaire on food record. From equation

(4) we can obtain a formula for Bqr, namely:

' 1+ 02 Gy O
Bor=Bor| T8 |- T 5 ()
Dp*Opp Np*Ogp

From these results we see that if there is a positive intraindividual

correlation, then Bqr tends to be raised and thus the estimate of Bqr is reduced.

Thus positive intraindividual correlation has an effect in the opposite direction from

variation of diet, which tends to reduce Bgr.

Intraindividual correlation also modifies the observed correlation between

questionnaire and food record. This may be written as:

_ 2
_ °BF Owr Owgq/ BF ©)
Pqr = Pqr 62 +o
BF *+ Owr/ '\/(O'BF + Oyep/ nF) (GBQ + O'WQ)

These results were applied to the Women’s Health Trial data (Table 4). The

estimates of Pqr are, except one, all less than 1, some considerably so. This
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reverses the earlier impression, obtained from assuming no intraindividual

correlation, that the values of Bqr were quite close to 1.

In Table 5 we show results from the statistical model (see Appendix) in which
we combine the analysis of the first and second questionnaires to obtain overall
estimates of Bqr and pqr. This method yields standard errors for fqr. The
estimates of Bqr and pqr lie between the estimates for the individual questionnaires

presented in Table 4.

QUESTIONNAIRE BIAS

In the linear regression of questionnaire on true average intake the intercept.
would represent the average response to a questionnaire of a person truly eating
nothing of the nutrient in question. This is not a particularly meaningful quantity
and instead we report “bias.” By “bias” we mean the difference between the
estimated value of the questionnaire for a person truly eating the mean amount of

nutrient in the population, and the mean itself.

We show estimates and standard errors of the “bias” (Table 5). These show
that the questionnaire tends to underestimate intake of calories, protein,
carbohydrates and saturated fat, the “biases” being negative and each more than
twice its standard error. The estimated underestimation is around 0.1 on the log
scale at the mean intake, equivalent to approximately 10% underestimation of the
level of intake. The “bias” for percent calories from fat, however, is small and not

significant.



Fileserver;PUBLIC;Larry;manuscript;diet/intake;7/25/90 Page 12

SUMMING UP

In this paper we report methodology for obtaining estimates of correlation,
regression slope and “bias” of a food questionnaire with true average intake. For
the ﬁ{re nutrients investigated we have found a “bias” in the questionnaire towards
underestimation of intake, and a flattened slope effect (i.e. regression slope less
than one). The bias is negligible for percent calories from fat but amounts to 10%
underestimation for the other nutrients. The flattened slope effect will increase the
percent underestimation for those consuming greater than average amounts of
nutrient, but will tend to compensate for underestimation in those consuming less

than average amounts.

Our analysis suggests that the flattened slope was not due to variation in dief
in this set of data. Although the slope for an individual nutrient is not significantly
less than 1, the combined set of “flattened slopes” suggests that the effect is real. A
formal significance test could be devised for this hypothesis but would need to
account for the correlation between the estimated slopes. Whether the flattened
slope effect represents reporting bias or problems with the analysis of
questionnaires or food records cannot be decided on the basis of these data.

However, the reporting bias explanation seems the more likely.

We have found that both variation of diet over time and intraindividual
correlation of proximal questionnaires and food recofds have an influence on the
estimates of thesé quantities. Although Beaton et al. (3) mentioned the potential
importance of intraindividual vcorrelation few authors have discussed its assessment
or applied any corrections for it. Willett (5) reports not finding substantial

interindividual correlations in his studies. However, of the 5 nutrients we have
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investigated in the Women’s Health Trial data, two displayed high intraindividual
correlations, two moderate and one low. For the two nutrients with high
correlations, the estimated regression slopes were reduced by between 0.14 and
0.23, i.e. by 13 to 25% of their previous values, when adjustment for intraindividual

correlation was made.

Intraindividual correlation can only be estimated when repeat assessments
using both questionnaire and food record are obtained. The frequent absence of
repeat assessments may explain why investigators have not routinely considered
such correlation. However we note that although the value of the correlation r
cannot be estimated without repeated questionnaires, the adjustments of equations
(4) and (5) can in fact be made with only one questionnaire together with two or
more food records. This is because the quantity reocwrowq, the intraindividual
covariance, may be estimated by the difference between covariance between the
questionnaire with its proximal food record and the covariance between the
questionnaire with the other non-proximal food records. The minimal data for
applying the intraindividual correlation correction are one questionnaire and two
-food records, one of which is proximal to the questionnaire and the other distant in
time. Should both food records be taken at a time distaht from the questionnaire
determination (say 6 months or more) then the likelihood of a substantial

intraindividual correlation is less.

We recommend that nutritional epidemiologists using food questionnaife
data employ in their validation exercises repeated assessments, and consider the
problem of intraindividual correlation as well as the better known variation-in-diet
problem. The statistical methods for dealing with these are described in the

Appendix.
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APPENDIX

~Estimators and Standard Errors of Slope and “Bias” in a Measurement
Error Model Relating Food Questionnaire to True Intake, Using

Observations of Food Questionnaire and Food Records

We consider that for the ith individual (i = 1, ..., n) with true intake T}, we
have m; + mg replicate measures of the questionnaire Qj; j = 1, ..., m1+mg) and mg
+ mg replicate measures'of the food record Fjj (j = m1+1, ..., mj+ma+m3). The mg
questionnaires and food records with fhe same index j are measured close in time to
each other. The analysis described below requires that mg and m3 are both greater
than zero. The model relating questionnaire and food record to the individual’s true

intake is as follows:
Quéstionnaire Alone
Qij = oqr + PQrTi + vi + &j; j=1,..,my.

where aqr is the intercept, Pqr is the slope, €;; represents the variation due to
replication of the questionnaire and v; the variation about the regression line for
each individual. The terms €;; and v; are mutually independent with mean 0 and

2

variances O¢

and o% respectively.
Questionnaire and Food Record

Qjj = aqr + BqrTi + vj + Ejj;

Fyj =Ty + uyj; j=m1+l, ..., mj+mg.
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where ujj represent the variation due to replication of the food record. The terms Ui

are mutually independent with mean 0 and variance 0 . The terms ujj and €;; have

correlation p, but uj; and €k are independent when j is not equal to k.
Food Record A]one
Fij = Ti + uyj; j =mi+mo+1, ..., mj+ma+ms.
In the example of the paper, m; = 0, mg =2 and m3 = 1.

To implement the moment estimation method of Fuller (1987, page 186),

define the following for the ith individual:

F; = sample mean of all food records;

(o} uzl = sample variance of all food records (using the denominator mg+mg-1)
_Q—i = sample mean of all questionnaires;

A

Ogy; = sample covariance between the mg questionnaires and food records

measured at the same time (using the denominator mo-1)1.

1 Tt may sometimes happen that mg equals 1, i.e. that only one questionnaire and
A

food record are proximal. In that case O'gui may be calculated as

e~ 1
(Qi,m1+1 -Q i)(Fi,m1+1 - 1) /[ L :I .

m1+1 m3+1 (m1+1)(m3+1)

Moreover if mg = 1 and mj = 0 then O'gul may still be calculated as
1
Ql m1+1(F1 mq+1 - F i) /|: m3+1}
However the program assumes that mg 2 2 and will requlre modification for these
special cases.
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Let
A 0 0 | R 0
Q N = VAN ; Q . = A ;
! 0 Guzi eul Ceuyy
1 Fi 1 A
Ay = —  — -~ o Qu; ;and
i 2 m2+m3 1
F; Fi
B [ my A
1= — = | (m1+mg)(mg+mg3) Qeuj -
\ Qi Fi

Then the parameter estimates are given by the solution to the estimating

n o .
: o
equation Y |Bj- Ai( QTjil =0, and can be written

i=1" Bar
A
A= [z Ai] z B;.
Bqr i=1 i=1
If we define
A
oQT
Ci=Bi'Ai{,\ J
Bar
n .
then 2 Ci = 0, and using Taylor’s expansion of the estimating equation, the
i=1

estimated covariance matrix of the parameter estimates is given by
n (R 1 n n 1
ool A X GC Y A,
i=1 i=1 i=1

where C{ denotes the transpose of matrix C;.



Fileserver;PUBLIC;Larry;manuscript;diet/intake;7/25/90 Page 20

Let pt be the population mean of the true nutrition intake Tj; pr is estimated
n

A -
by ur = n'lz F j, the overall mean of the food record intakes. The “bias”is defined
1

to be
bqr = aqr+ ur(Ber - 1),

this being the intercept for regressing Q-pr on T-pp. The bias estimate is
A N A A
bqQr = aqr + pr (bQT - 1).

A
We now show how to estimate the standard error of bgT.

Define
A A; O B B;
1% = ( 0 1 )’ 1k = Fl ’
A
oqQT 1
A A
Cix = Bix-Ajs BQT ; €x = L/\LT ;
A Bar-1
KT
n 1 n n 1
and D« = 2 Ajx Z CixCix [ Z Ai*I .
i:]_ 1=1 i=1
n
Since z Cix = 0, D« is an estimate of the asymptotic covariance of
1 _

A A A ‘ A
(aQT, Bqr, HT). An estimated standard error for bqQr is therefore:

s.e.(gQT) = (1—11_1—2 eiD*e*)m.
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: TABLE 3
Estimates of intraindividual correlations (r) between questionnaire and food
record estimated from Women’s Health data

_

Nutrient » r
Percent calories from fat 0.48
Log calories 0.25
Log protein 0.22
Log carbohydrate 0.03

Log saturated fat 0.61
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