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Abstract
Objective: The effect of energy adjustment on variables entered into principal component
analysis (PCA) to derive dietary patterns has received little attention.

This study determines the effect of adjusting for energy on dietary patterns resulting from PCA
and the subsequent effect on future outcomes.

Design and methods: As part of regular self-completion questionnaires, used in the Avon
Longitudinal Study of Parents and Children, pregnant women were asked to record the frequency
of consumption of a variety of food items. A total of 12 053 women completed the questionnaire.
Individual dietary types were identified using PCA, before and after adjusting the food variables
for energy intake. Associations with estimated nutrient intakes and with birthweight were
examined for the two solutions and when energy adjustment was performed at a later stage of the
analysis.

Results: Slight differences were seen in terms of the components extracted and the factor
loadings obtained. The associations with nutrient intakes showed that there was a general
reduction in the size of the correlation coefficients for the energy-adjusted components compared
to the unadjusted components. There did not appear to be any difference in the size of the effects
of the dietary pattern scores on birthweight, whether energy was adjusted for before entry into the
PCA or after.

Conclusions: In this sample, it is not necessary to adjust for energy intake before entry into a
PCA analysis to determine dietary patterns when using food frequency questionnaire data. Effects
of energy intake can be determined at a later stage in the analytical process.
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Introduction
There has been a substantial increase over recent years in the use of dietary patterns to
assess diet–disease associations. These are used as an alternative to studying the intake of
individual food items, food groups or a nutrient specific approach. There are various
approaches to obtaining dietary patterns, the most common being Principal components
analysis (PCA). However, there is debate surrounding the lack of generalization of dietary
patterns obtained using PCA across studies due to differences in methodology and the
patterns observed (Martinez et al., 1998; Hu, 2002). The methods used to obtain dietary
patterns need to become more uniform among researchers if PCA is to remain a valuable
tool in nutritional epidemiology. One particular analytical decision, which has received little
attention in the literature, is whether to adjust dietary intake variables for energy before
entry into the PCA.

In most studies of diet and disease, the primary exposure of interest is relative (adjusted for
energy) rather than absolute dietary intake. Owing to the high inter-correlation of dietary
intake with energy, energy adjustment in dietary investigations reduces the variation in
dietary intake resulting from differences in ‘body size, metabolic efficiency and physical
activity’ (Willett, 1989). The most common measure of diet used to obtain dietary patterns
via PCA is a food frequency questionnaire (FFQ), detailing the regularity of food
consumption, as opposed to measuring actual intake. FFQs cannot measure energy intake
accurately. Nevertheless, any association found between a disease outcome and a dietary
pattern obtained from PCA that represents a diet high in energy-dense foods may not be a
real effect of the foods themselves, rather an association with actual energy intake. It is
therefore important to determine whether researchers need to enter energy-adjusted foods
into PCAs or can simply adjust for energy when looking at any dietary pattern – disease
association.

A small number of studies, using PCA based on FFQ data, have adjusted dietary variables
for energy before entry into the PCA but they provide little or no justification for this choice
and no suggestions as to what effect such an adjustment may have (Balder et al., 2003;
Costacou et al., 2003; van Dam et al., 2003; Bamia et al., 2005; Velie et al., 2005; Martinez-
Ortiz et al., 2006; Waijers et al., 2006). Only one study to date appears to have reported any
comparison between unadjusted and adjusted data and this only considered differences in
the extracted components, but did not investigate any subsequent impact on potential diet–
outcome associations (Bamia et al., 2005). It is important to assess any differences in dietary
patterns obtained using PCA based on unadjusted or energy-adjusted data. There is potential
for different solutions to be obtained owing to the changes in correlations between food
groups after adjusting for energy intake.

The purpose of this study is to examine the effect of energy adjustment on the dietary
patterns extracted using PCA on data collected via FFQ. We have chosen to adjust for
energy using the residual method as advised by Willett (1989), which is the most widely
used method to obtain relative intakes and it therefore seems reasonable to apply this
approach. This study also aims to determine any differences in the relationships with
estimated nutrient intakes and finally, using birthweight as an example, to evaluate the
effects of energy adjustment before PCA on a relevant outcome.

Subjects and methods
The Avon Longitudinal Study of Parents and Children (ALSPAC) is an ongoing population-
based study designed to investigate the effects of environmental, genetic and other
influences on the health and development of children (Golding et al., 2001). Pregnant
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women with an expected delivery date between 1 April 1991 and 31 December 1992 and
who were resident in the former Avon Health Authority in southwest England were eligible
for the study. A total cohort of 14 541 pregnancies resulted. Ethical approval for the study
was obtained from the ALSPAC Law and Ethics committee and the local research ethics
committees. The representative nature of the ALSPAC sample has been investigated by
comparison with the 1991 National Census data of mothers with infants under 1 year of age
who were resident in the county of Avon. The ALSPAC sample had a slightly greater
proportion of mothers who were married or cohabiting, who were owner-occupiers and who
had a car in the household. The study had a smaller proportion of ethnic minority mothers.

More detailed information on the ALSPAC study is available on the website http://
www.alspac.bris.ac.uk.

The present study was based on a self-completion questionnaire completed at 32 weeks
gestation. This contained a set of questions enquiring about the frequency of consumption of
a wide variety of foods and drinks that have been shown to produce mean nutrient intakes
(Rogers et al., 1998) similar to those obtained for women in the British National Diet and
Nutritional survey for adults (Gregory et al., 1990).

For most food types, the women were given the following options to indicate how often they
were currently consuming each food type: (i) never or rarely; (ii) once in 2 weeks; (iii) 1–3
times a week; (iv) 4–7 times a week; (v) more than once a day. Women were also asked to
record how many cups of tea or coffee, the number of glasses of cola and the number of
slices of bread they usually consumed daily. The usual type of bread (white or other) they
used was also recorded.

The data were numerically transformed into times consumed per week as follows: (i) 0; (ii)
0.5; (iii) 2; (iv) 5.5 and (v) 10 times per week, to apply quantitative meaning to the
frequency categories. Additionally, all data were standardized by subtracting the mean and
dividing by the standard deviation for each variable, since tea, coffee, cola and bread were
measured on a scale different from that of the other variables.

Weekly energy intake and other nutrients (selected on the basis of their potential
significance during pregnancy) were estimated from the FFQ described above using the fifth
edition of McCance and Widdowson's ‘The composition of Food’ and supplements (The
Royal Society of Chemistry and MAFF, 1988, 1989, 1991a, b, 1992a, b, 1993) based on
standard portion sizes. More detailed information on the methodology is published
elsewhere (Rogers et al., 1998). Birthweight (g), as recorded in the delivery room, was
abstracted from birth notifications.

Statistical methods
PCA with varimax rotation was performed on the 44 standardized food items. PCA reduces
the data by forming linear combinations of the original observed variables, thereby grouping
together correlated variables, which in turn identifies any underlying dimensions in the data.
The coefficients defining these linear combinations are called ‘factor loadings’ and are the
correlations of each food item with that component. The number of components that best
represented the data was chosen on the basis of the scree plot (Cattell, 1966) and the
interpretability of the factor loadings. Varimax rotation (Gorsuch, 1974; Kline, 1994) was
applied. Rotation redistributes the explained variance for the individual components, thereby
achieving a simpler structure, increasing the number of larger and smaller loadings.

Foods with loadings above 0.3 on a component were considered to have a strong association
with that component and were deemed to be the most informative in describing the dietary
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patterns. Women were excluded from the PCA if they had more than 10 dietary items
missing. If 10 or fewer items were missing, the assumption was made that the woman never
consumed the item and it was given a value of 0. This ensured that no missing values were
entered into the PCA, a method that cannot deal with missing data.

Two PCAs were performed. The first analysis used the unadjusted dietary variables
indicating times consumed per week. The second analysis adjusted these weekly frequency
of consumption variables for energy intake using the residual method (Willett, 1989). To test
the validity of these solutions, each PCA was repeated in two randomly selected split-half
samples. The results were highly comparable for the unadjusted and energy-adjusted data,
both in terms of the magnitude of the factor loadings and the component scores obtained; the
original solutions were therefore retained.

A component score was created for each woman for each of the components identified, for
each method by multiplying the factor loadings by the corresponding standardized value for
each food and summing across the food items. Pearson's correlation coefficients were
calculated as a measure of the association between the unadjusted and energy-adjusted
dietary patterns.

Correlation coefficients were calculated between each of the dietary scores and absolute
intake of selected nutrients. Additionally, partial correlation coefficients were obtained after
adjusting the nutrients for energy intake. The proportions of variance explained by the
dietary pattern scores were calculated for absolute and energy-adjusted nutrient intake and
for individual foods, by summing the squared correlations for each nutrient (Bland, 2000).

To determine whether the obtained dietary patterns differed in respect to their ability to
predict an outcome, we used crude birthweight as a simple example. Univariable models
were obtained by regressing birthweight on each of the dietary pattern scores individually,
considered as unadjusted scores and those scores obtained from energy-adjusted data.
Bivariable models including energy intake were then examined for the original unadjusted
data. We chose not to adjust for other covariates known to be associated with birthweight, to
clearly demonstrate any potential effects of energy adjustment.

All analyses were performed using SPSS for windows v.12.0.1.

Results
A total of 12 436 women returned the questionnaire completed at 32 weeks gestation (85.5%
of the original sample, many of these had already been lost due to miscarriage); of these, 12
053 (96.9%) had sufficient dietary data available for the PCA.

Table 1 shows the factor loadings obtained from the unadjusted and energy-adjusted PCAs.
Five dietary components were chosen to best describe the dietary patterns of the women,
explaining 32.4% of the variance using the unadjusted data. For this unadjusted analysis, the
first component had high loadings on salad, fruit, rice, pasta, breakfast cereals, fish, eggs,
pulses, fruit juices, poultry and non-white bread and we have chosen to label ‘health
conscious’. The high loading foods on the second component included green vegetables and
root vegetables, potatoes, peas and to some extent red meat and poultry and we labelled it
‘traditional’, based on the familiar British ‘Meat and two veg’ diet. The third component
loaded highly on high-fat processed foods, such as meat pies, sausages and burgers, fried
foods, pizza, chips and crisps and we therefore labelled it ‘processed’. The fourth
component, which we labelled ‘confectionery’, was characterized by high intakes of
confectionery and other foods with high sugar content such as chocolate, sweets, biscuits,
cakes and other puddings. Finally, the fifth component loaded highly on meat substitutes,
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pulses, nuts and herbal tea and high negative loadings were seen with red meat and poultry
and was therefore labelled ‘vegetarian’.

Four components best described the energy-adjusted data (Table 1), with 26.9% of the
variance being explained. Compared to the unadjusted data, the ‘processed’ component was
lost. The other components remained in the same order, although there were slight
differences in the size of some of the factor loadings. In particular, the food items that
loaded highly on the ‘processed’ component using the unadjusted data had increased
negative loadings on the ‘health-conscious’ component using the adjusted data. There were
strong correlations between the analogous dietary patterns obtained using the two sets of
data (Table 2), all >0.8. In addition, the ‘processed’ component obtained from the
unadjusted data was negatively correlated with both the ‘health-conscious’ and
‘confectionery’ components obtained using the energy-adjusted data (−0.538 and −0.492,
respectively).

Table 3 shows the correlations between the unadjusted and energy-adjusted dietary patterns
and absolute intake of selected nutrients and partial correlations for the nutrients after
adjusting for energy intake. Of particular interest is the lack of correlation between energy
intake and the ‘Traditional’ and ‘Vegetarian’ dietary patterns. The majority of correlations
are substantially smaller for the energy-adjusted dietary patterns compared to the unadjusted
patterns, in particular there are large decreases in the correlations between fat and sugar
intake with the ‘confectionery’ energy-adjusted component.

Parameter estimates for the regression of dietary pattern scores on birthweight are shown in
Table 4. The first and second columns show the univariable results for the original
unadjusted patterns and for the patterns adjusted for energy. The final column presents the
parameter estimates for the unadjusted dietary pattern scores when energy intake is also
included in the model. However, the effect sizes for the unadjusted ‘health conscious’ and
‘traditional’ patterns both increased after adjustment for energy intake and their respective
confidence intervals were wider (column 1 vs column 3). The effect of the ‘health
conscious’ and ‘traditional’ patterns extracted using the energy-adjusted data was larger than
that extracted using the unadjusted data, although the width of the confidence intervals
remained the same (column 1 vs column 2). There was very little difference in the results for
the ‘processed’ and ‘vegetarian’ patterns, although the effect size for the ‘confectionery’
pattern was smaller when energy was adjusted for, either before the extraction of the
principal components or including energy in the model with the unadjusted patterns.

Discussion
This study presents the dietary patterns obtained using PCA where food variables were
treated as unadjusted or adjusted for energy intake using the residual method before entry in
the PCA. There were differences observed in terms of the components extracted and the
factor loadings obtained. Most notably, the ‘processed’ component in the unadjusted
analysis was lost in the adjusted analysis; the food items that loaded highly on the original
‘processed’ component had increased negative loadings on the ‘health-conscious’
component in the adjusted analysis. The loss of the ‘processed’ component can be partly
explained by the attenuation of the correlations between the food items after adjustment for
energy. This process removes some of the variability in the data. The dietary patterns
common to both sets of analyses that were obtained from the two solutions were highly
correlated with each other.

Balder et al. (2003) examined the effect of different analytic decisions on the stability of
dietary patterns, including adjusting for energy. They noted that it was those factors,
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obtained using unadjusted factors, having high loadings on energy-contributing foods were
the ones that changed. They explain that as ‘substitution’ such that the replacement of white
with brown bread and high-fat with low-fat diary products became increasingly important.
This is a consequence of the requirement that adjusting for energy results in the food groups
not being correlated with energy. Comparable results were seen in this study using the
energy-adjusted data. In particular, white bread, which was highly positively loaded on the
‘processed’ component in the unadjusted solution, became highly negatively associated with
the ‘health-conscious’ component in the adjusted solution. Likewise, all the other foods that
loaded highly on the ‘processed’ component, which are high in fat, became negatively
highly loaded on the ‘health-conscious’ component after adjustment for energy. Overall,
Balder et al. (2003) reported that the patterns obtained using unadjusted food variables
collected via FFQ were comparable to those using energy-adjusted data. They concluded
that the dietary patterns were robust to energy adjustment and argued that dietary patterns
are based on relative consumption of foods rather than actual intake. Similarly, Bamia et al.
(2005) argued that the data they entered into their PCA were based on dietary choices as
opposed to overall quantities of intakes.

This is the first study to present the two solutions and to take the analyses further by looking
at associations with other variables. The associations with nutrient intakes showed that there
was a general reduction in the size of the correlation coefficients for the energy-adjusted
components compared to the unadjusted components. This is not unexpected, as adjusting
for energy has already reduced the amount of variation. Only selected nutrients were used to
illustrate the data a more detailed analysis of nutrient associations will be described
elsewhere.

There did not appear to be any difference in the size of the effects of the dietary pattern
scores on birthweight, whether energy was adjusted for before entry into the PCA or after.
For example, the greatest effect was seen with the ‘health-conscious’ component. Adjusting
for energy intake before the PCA resulted in a birthweight increase of 35 g per 1 s.d.
increase in the ‘health-conscious’ score. This compared to a 40 g increase if the unadjusted
score was used but energy intake was adjusted for in the regression model. In
epidemiological studies, it is important to be able to clearly determine the effects the
different variables have. With this in mind, we would recommend that energy is adjusted for
at as late a stage as possible in the analytical process. In this way, the exact impact of energy
intake on the outcome of interest is as transparent as it can be and any real effects of energy
can be clearly determined. In addition, some outcomes of interest may not be directly
affected by energy intake. Birthweight has been used as an illustration to examine the effects
of energy adjustment, as with the nutrient analysis, more detailed investigations are
currently underway and will be described elsewhere.

In this study, dietary intake was assessed using an unquantified FFQ, with no portion size
information included. As such, the derived energy and nutrient information may be
inaccurate, compared to the ‘gold standard’ method of collecting dietary data – weighed
intakes. However, one major advantage of this study is the large sample size; weighed intake
in such a sample would have been expensive and a greater burden for the participants,
potentially resulting in a biased sample. The nutrient intakes in this sample have been shown
to compare favourably with the intakes reported by the last Dietary and Nutritional Survey
of British adults for all women aged 16–64 (Rogers et al., 1998). Several studies have
compared the results of PCA using FFQs with those using weighed dietary records (Hu et
al., 1999; Togo et al., 2003; Khani et al., 2004; McNaughton et al., 2005). They all
concluded that the resulting factor loadings and dietary pattern scores were comparable. It
has been contended that adjusting for energy intake estimated from an FFQ is inadequate
(Kipnis et al., 2003; Jakes et al., 2004). FFQs can neither precisely measure energy intake
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nor can they precisely measure absolute intake. However, it has been argued that relative
intakes perform better than absolute intakes using this method of dietary data collection, due
to the fact that the errors in measuring energy and nutrients are strongly correlated and
therefore cancel each other out (Willett, 2001).

It could be argued that this sample of pregnant women is not the ideal setting for this
investigation. Pregnancy is a particularly vulnerable time in the life cycle and adequate
nutrition is vital. However, the dietary patterns we report are similar to those we have
reported in the resulting children at 4 and 7 years of age (Northstone et al., 2005) and to
other UK adult studies (Barker et al., 1990; Gregory et al., 1990).

In conclusion, we found that there were differences in the dietary pattern solutions obtained
using unadjusted or energy-adjusted data. However, these differences did not appear to have
any major impact on the associations with nutrient intakes or birthweight. In this sample, we
do not feel it necessary to adjust for energy intake when performing PCA analysis using
FFQ data. We believe that it is sufficient to make adjustment when analysing the effects of
the dietary patterns on the outcome of interest, although it is still important to present both
unadjusted and adjusted results. Any effects of energy intake can be more precisely
determined at a later stage of the analytical process. However, we recommend that
researchers still measure the correlations between their dietary pattern scores and estimated
energy intake and report these in their papers, to assess the likely impact of energy intake.
The correlations between energy intake and the dietary patterns in this study showed that the
‘traditional’ and ‘vegetarian’ components appeared to be robust to energy intake. It would
therefore be valuable for other studies to present these associations. It is important to
replicate these analyses using data collected via other means, such as dietary diaries to
determine whether the conclusions would be the same. It is also important to assess the
effect of energy adjustment when using other methods to obtain dietary patterns, such as
Reduced Rank Regression (RRR) (Hoffman et al., 2004). We chose to examine the effects
of energy adjustment when performing PCA, as this is currently the most popular method of
obtaining dietary patterns. Methods such as RRR that offer advantages over PCA when
examining health outcomes can also be affected by the type of data that are used as response
variables.
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Table 4

Associations of dietary pattern scores (unadjusted and energy adjusted) with birthweight, with and without the
inclusion of energy intake

Dietary pattern Parameter estimate (95%
CI)

Parameter estimate (95% CI) Parameter estimates (95% CI) unadjusted pattern score
and energy in the same model

Unadjusted -pattern score Energy-adjusted pattern score Unadjusted pattern score Energy intake

Health conscious 29.26 (19.77, 38.75) 34.99 (25.46, 44.52) 39.87 (29.59, 50.16)  −1.33 (−2.04, −0.63)

Traditional  3.03 (−6.49, 12.56)  7.24 (−2.31, 16.80)  6.63 (−3.40, 16.66) −0.54 (−1.22, 0.14)

Processed  −22.09 (−31.60, −12.58) — −18.03 (−29.74, −6.33)  0.09 (−0.67, 0.85)

Confectionery −4.03 (−13.57, 5.51) −1.05 (−10.60, 8.50)  −1.25 (−12.90, 10.41) −0.42 (−1.21, 0.38)

Vegetarian −17.94 (−27.47, −8.41) −17.06 (−26.63, −7.48) −15.47 (−25.44, −5.50) −0.53 (−1.20, 0.14)
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