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Abstract

Objective—The role of diet and of food colors in attention-deficit/hyperactivity disorder
(ADHD) or its symptoms warrants updated quantitative meta-analysis, in light of recent divergent
policy in Europe and the United States.

Method—Studies were identified through a literature search using the PubMed, Cochrane
Library, and PsycNET databases through February 2011. Twenty-four publications met inclusion
criteria for synthetic food colors; 10 additional studies informed analysis of dietary restriction. A
random-effects meta-analytic model generated summary effect sizes.

Results—Restriction diets reduced ADHD symptoms at an effect of g = 0.29 (95% CI, 0.07-
0.53). For food colors, parent reports yielded an effect size of g = 0.18 (95% ClI, 0.08-0.24; p=.
0007), which decreased to 0.12 (95% Cl, 0.01-0.23; p < .05) after adjustment for possible
publication bias. The effect was reliable in studies restricted to food color additives (g = 0.21, 95%
Cl =0.06-0.36) but did not survive correction for possible publication bias and was not reliable in
studies confined to Food and Drug Administration—-approved food colors. Teacher/observer
reports yielded a nonsignificant effect of 0.07 (95% CI = —0.03 to 0.18; p = .14). However, high-
quality studies confined to color additives yielded a reliable effect (g = 0.22, 95% CI = 0.10-0.41,
p = .030) that survived correction. In psychometric tests of attention, the summary effect size was
0.27 (95% CI = 0.07-0.47; p = .007) and survived correction. An estimated 8% of children with
ADHD may have symptoms related to synthetic food colors.

Conclusions—A restriction diet benefits some children with ADHD. Effects of food colors
were notable were but susceptible to publication bias or were derived from small,
nongeneralizable samples. Renewed investigation of diet and ADHD is warranted.
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Attention-deficit/hyperactivity disorder (ADHD) is a common developmental syndrome that
confers elevated risk of school failure, peer rejection, family conflict, substance use
disorders, delinquency, underemployment, depression, accidental death, suicide, and
physical health problems.! Quantitative genetic data suggest that ADHD exists on a
spectrum in the population, such that the disorder constitutes a clinical cut point on a
dimension;? thus, studies of symptom variation as well as of the disorder per se are of
interest and were included. The causes of ADHD and the modifiers of its course are
multifactorial. Twin and adoption studies have converged on a heritability of liability for
ADHD symptoms of 65% to 75%, but some of the genetic effect is likely due to gene-by-
environment interaction.3 It is suggested that, for some susceptible children, an
environmental exposure may influence expression of ADHD.>

Numerous environmental factors are suspected to influence ADHD, including prenatal and
postnatal toxicant exposures, teratogens, perinatal events, low birth weight, and postnatal
environmental conflict and stress.® Various dietary effects have been of long-standing
interest.

Among the dietary theories, the hypothesis that allergies or else hypersensitivity to certain
foods or ingredients cause learning and behavior problems entered the literature as early as
the 1920s.” A specific hypothesis that food additives, which include synthetic food colorings
and flavors, influence ADHD (at that time, hyperkinetic reaction), via either allergenic or
pharmacologic mechanisms, was introduced in the 1970s by Feingold.8 He suggested
initially that children who are allergic to aspirin are susceptible to synthetic food colors as
well as naturally occurring salicylates, but he later focused on food color additives. To treat
this reaction, Feingold proposed a diet free of foods with a natural salicylate radical and all
synthetic colors and flavors.®

The topic of synthetic color additives and hyperactivity was heavily studied in the 1970s and
1980s. In 1982, the National Institutes of Health convened a consensus development
conference on defined diets and childhood hyperactivity, which recommended further study.
A 19839 meta-analysis included 23 studies regarding the efficacy of the Feingold diet; the
authors concluded that the composite effect size (d = 0.11) was too small to be important,
setting the tone for two decades of professional skepticism as to the value of dietary
intervention in ADHD. In a more recent meta-analysis, Schab and Trinh10 reviewed 15
double-blind, placebo-controlled studies, plus six others for their supplemental analysis.
They concluded that there was a reliable effect (d = 0.28) linking synthetic colors to ADHD
symptoms in parent ratings, but not in teacher or observer ratings, and that the effect was
carried by individuals preselected to be diet responsive. The effects seemed to be similar
whether or not children were initially selected to be hyperactive. That report helped revive
scientific interest in the role of synthetic food colors.
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Several considerations warrant an updated meta-analysis at the present time. Subsequent
studies have appeared, and significant differences on the risks of food colors have emerged
among authorities. In particular, the authors of a population-based study conducted in
England!! concluded that food additives contribute to hyperactivity, prompting the
European Union Parliament recently to require warning labels on foods containing six
colors, not all of which are approved for use in the United States. (The U.S. Food and Drug
Administration [FDA]2 has approved nine synthetic colors for use in food subject to batch
certification: FD&C Blue #1 (brilliant blue), FD&C Blue #2 (Indigotine), FD&C Green #3
(Green S; fast green), Orange B, Citrus Red #2 (Amaranth), FD&C Red # 3 (Erythrosine),
FD&C Red #40 (Allura Red), FD&C Yellow #5 (Tartrazine), and FD&C Yellow #6(Sunset
Yellow). All but Orange B are also approved for use in Europe, but in Europe warning
labels are now required on FD&C Red #40 (Allura Red AC), FD&C Yellow #5 (Tartrazine),
FD&C Yellow #6 (Sunset yellow), and three colors used in Europe but not the United
States: Quinoline Yellow, Carmoisine, and Ponceau.

In 2008, the Center for Science in the Public Interest (CSPI), a consumer advocacy
organization, petitioned the FDA to regulate food color additives. They provided an
unpublished literature review arguing that colorings contributed to behavior problems, and
contended that there was little justification for incurring any health risks because, in their
view, food colors provide no health benefits.13 The FDA subsequently commissioned its
own review, which concluded in 2011 that the evidence fell short of a causal association.
Both the CSPI and FDA reviews were qualitative; neither included a quantitative meta-
analysis. Another major qualitative review in 20111 reached a somewhat different
conclusion: A subgroup of children with ADHD are sensitive to synthetic color additives,
flavors, or salicylates and could benefit from a restricted diet. However, the authors did not
quantify the magnitude of the behavioral effect.

In all, there is a crucial lack of consensus and lack of recent quantification about these
alleged effects. If dietary interventions would be beneficial in a substantial portion of
ADHD cases, then treatment guidelines would require revision. If evidence were to support
a role for color additives in ADHD, then further policy and regulatory review would be
needed. In addition, if such an association exists, it could inform investigation into causal
mechanisms to gain clues as to how ADHD might develop. An updated quantification of
effect sizes is therefore timely and of considerable importance.

Studies were identified through a literature search using the PubMed, Cochrane Library, and
PsycNET electronic databases. We initially used the following combination of terms:
behavior or ADHD or hyperactivity or impulsivity and food coloring; behavior or ADHD or
hyperactivity or impulsivity and diet; behavior or ADHD or hyperactivity or impulsivity;
and the name of each individual food coloring by either its formal or generic name (listed in
parenthetical statement earlier), as well as the following additional terms: azorubine,
Brilliant Blue, Brown FX, Fast Green FCF, Patent Blue V, Brown HT. A subsequent
PubMed search using Medical Subject Heading (MeSH) terms was performed as follows to
obtain additional human studies: limiting to clinical trials, randomized controlled trials,
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and/or comparative studies, and human: [((Food coloring agent or Food coloring agents) or
(Food additive or Food additives)) and ((Attention Deficit Disorder with Hyperactivity or
hyperactivity) or (hyperkinesis or hyperkinetic syndrome) or Child behavior disorders))].
Bibliographic searches of reviews and prior meta-analyses were necessary to identify earlier
human studies. We included studies that evaluated the behavioral effects (relevant to
inattention or hyperactivity) of the elimination of synthetic food colorings from the diet of
subjects and/or challenged subjects with one or a combination of synthetic food colorings.
We excluded studies that focused on the allergenic properties of food colorings and lacked
behavioral end points, although in passing we note results of three human physiological
studies.

This process identified 53 human studies, published from 1976 to February 2011, which
were then graded for relevance. For Part 1 of our results (overview of the effects of a
restriction diet), we noted open-label trials, but then required that studies meet the following
criteria: be double blind and placebo controlled; have either a random assignment or
crossover design; be conducted in a child or adolescent population; and evaluate restriction
diets that include removal of food colors as part of a more general elimination diet. For Part
2 of our results (detailed examination of food color effects), we selected studies that met the
following criteria: featured a double-blind, placebo-controlled, crossover design; used
synthetic food colors as the manipulation of choice; and enabled computation of the effect
size. In all, 35 publications were eligible for this review. Of these, 25 were studies of food
colors, and six were studies of diet effects. The remaining four studies reported only open-
label diet trials, and these studies were added to open-label trials reported in 10 of the prior
studies for our open-label review. The remaining 18 articles examined nonbehavioral
outcomes, conducted an uncontrolled food color study, had fewer than three participants, or
allowed no effect size estimation.

Rational Grouping of Parent and Observer Ratings Data

Because a key issue in meta-analysis is appropriately combining studies based on sufficient
similarity of their measures, the following rational structure was adopted. First, for parent
ratings, most studies had one type of parent data reported. When more than one type of
parent data was reported, we chose the most psychometrically well-established measure
(usually, early versions of the Conners rating scales). We then grouped the studies into the
following two categories: “high-quality” outcome measures, which used ratings measures
with published reliability and validity data; or “low-quality” outcomes, which either were
custom measures, reported only undefined response rates, or had insufficient information to
evaluate measure quality. We also coded studies for objective verification of blind, and we
gave each study a global quality rating (see Table S1, available online, for details).

For nonparent reporters, we made the following decisions. First, if a teacher or observer
provided more than one outcome rating, the most psychometrically established measure was
used. When that information was not available, we pooled all ratings. Second, the resulting
data were then coded as either high quality (psychometrically sound measure or formal
observer coding with adequate inter-coder reliability) or low quality (unpublished rating
scale, impressionistic observation rating, or observer ratings without psychometric data).
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Third, when a study reported both teacher and observer ratings, these were pooled into a
summary effect size. However, we checked the effects by stratifying the ratings in three
ways for secondary analysis: by data type (observations versus ratings), by reporter (teacher
versus clinician/observer), and by setting (classroom versus clinic/research laboratory).

Rational Grouping of Psychometric Laboratory Measures

With regard to psychometric tests, the various tests reported clearly measured different
cognitive abilities or functions. To address this, three clinical neuropsychologists (J.N. plus
two neuropsychologists unfamiliar with the studies or the current review) sorted the tasks
from all studies according to the cognitive abilities they assessed. The three raters agreed
100% on the assignment of tasks to those measuring attention (broadly defined) and those
measuring other abilities (generally motor or language measures), with one exception noted.
Tests that were classified as measuring attention broadly defined were the auditory memory
test,1° visual memory test,1> matching familiar figures,1 zero-input tracking apparatus,1’
and Paired Associate Learning Test (PALT).16.18.19 The motor measures were Beery visual
motor integration,® Handwriting,X®> Draw a Child,® balance on one leg, a test of
coordination, and Ayres S.C. motor test.20 Raters agreed unanimously on all test
designations except the PALT, which was 2/3, with one rater voting that it measured neither
attention nor motor functioning. We note in passing the results of three studies of discrete
physiological functions (actigraphy,19 heart rate response,?! and brain electrical activity)??;
we omitted one study of behavioral laboratory ratings.23

Derivation of Effect Sizes

Because most studies did not report sufficient data to compute the correlation of scores
across conditions, effect sizes were derived whenever possible from statistical parameters (t,
F, exact p, or r). We computed effect sizes based on mean difference, standard deviation of
differences, and across-condition correlation when those data were available. When we had
to impute a correlation to compute the effect size based on means and standard deviations,
we used the mean of all correlations available to us from six data sets for parent, teacher,
and observer ratings, which was r = 0.70 (range, 0.40-0.91). For psychometric tests, which
typically have lower test—retest reliability than rating scales, we set r = 0.50 and conducted
sensitivity analyses of different correlations. When only a percent response was provided,
odds ratios were calculated. When studies reported outcomes for multiple subgroups,11:24
the effect sizes were computed separately and pooled using a fixed-effects model within
study. All effect sizes were converted to Hedges’ g, a bias-free measure of standardized
mean differences that can be interpreted in the same manner as the familiar Cohen’s d.

Computations

All meta-analytic computations were performed using Comprehensive Meta-analysis
software (Biostat Inc, Englewood, NJ). Studies with fewer than three participants were
excluded, as they preclude calculation of a standard error for Hedges’ g. A random-effects
model was chosen for analysis due to the likelihood that different studies would reflect
different effect sizes based on their methods and samples.25 Effect-size heterogeneity was
described using the Q statistic, © (standard deviation of study effects), and 12 (percentage of
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between-study variance that is not attributable to random sampling variation); however,
examination of subgroups was driven by the a priori questions indicated below. When
heterogeneity was high, we also considered sensitivity of effects via a leave-one-study-out
procedure, in which effect sizes were recalculated with each study in turn removed, and we
conducted sensitivity analysis by removing studies with significant (z > 1.96) residuals. The
examination of publication bias was based on funnel plots and the trim-and-fill procedure.
We also computed Orwin’s fail-safe N of studies of various effects needed to reduce any
observed effects to a trivial size (defined as g = 0.05).

Moderators and Subgroups

RESULTS

The a priori moderators that we reasoned were most important were as follows.

Quiality or Type of Outcome Measure (ADHD or Its Symptoms)—In the case of
parents and observers, this was the quality rating of outcome, whether blind was validated,
and global quality rating. In the case of tasks, we required that they assess attention, broadly
defined.

Selection of the Sample to Be Diet Responsive—~Preselected samples would be
expected to yield larger effects than nonpreselected samples. We also considered whether
samples were limited to children who were hyperactive or included typically developing
children.

Content of the Challenge—We considered whether the challenge was restricted to food
colors (some included other additives), as well as whether they were confined to synthetic
colors allowed in the United States (FDA-approved colors). We conducted secondary meta-
regression on the effects of dose and duration of challenge.

Overall, we highlight informative results in this report and provide additional details online,
as noted later.

Dietary Restriction

Open-Label Trials—Before evaluating the effects of food colors, we examined the
evidence regarding dietary restriction, in which synthetic food colors and/or other additives
were eliminated as a component of the restrictive diet and ADHD symptoms were evaluated.
Our literature review identified 14 open-label trials of hyperactive children that offered an
operational definition of a “responder” (e.g., 25% improvement in symptoms), with
aggregated N = 2025.20.24.26-34 (Note that several of these open-label trials of restriction
diet were followed by a randomized controlled trial of food colors, so they fall into both
groups of studies—open-Ilabel for diet, but randomized controlled trial for food color
challenge.) In all, these studies yielded a random-effects—weighted response rate of 47.4%
(95% confidence interval [CI] = 0.33-0.62), but with extreme heterogeneity (Q =332; p<.
001). This result, obviously vulnerable to placebo and experimenter effects, places an upper
bound on restriction diet response rates.

J Am Acad Child Adolesc Psychiatry. Author manuscript; available in PMC 2015 February 09.
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Controlled Trials—We identified six restriction diet studies that used either a placebo-
controlled diet challenge or a crossover design,26:33.35-38 which in aggregate examined 195
children for improvement in hyperactive symptoms. These studies yielded a summed
response rate of 41.5% (95% CI = 22%-64%), again with substantial heterogeneity (Q =
29.7; p <.001). A sensitivity analysis indicated that with the largest outlier (residual z =
2.833) removed, the response rate was 33% (95% CI = 19%-52%: n = 164). That outlier also
had the weakest blinding by our rating. Therefore, a conservative response rate estimate was
33%.

In the six above-mentioned studies,26:33:35-38 e examined the average size of the change in
symptoms, because the definition of the term “responder” varied arbitrarily across studies.
Pooling all sources of outcome information (parents, teachers, and observers) within studies,
the aggregate effect was g = 0.58 (SE = 0.25 [95% CI = 0.10-1.1]; p = .019). Again,
heterogeneity was extremely high (Q = 45.8; p <.001). To resolve heterogeneity, we
examined residuals. One outlier33 was noted (the same as in the prior paragraph;
standardized residual z = 2.33, p = .020; all other residuals z < 1.03, p = NS). It was a single-
blind design with weak blinding that we had difficulty classifying. With that study removed,
the effect was g = 0.29 (SE = 0.12 [95% CI = 0.16-0.52]; p = .014). Between-study variance
was thereby substantially explained, with only modest variation remaining (Q =7.39, p=.
12). The final five studies for this effect are displayed in Figure 1. Within these studies,
effects were similar in magnitude for parent versus teacher/ observer ratings.

For the five homogeneous studies,26:35-38 there was no publication bias using the trim-and-
fill estimator3® with no missing studies imputed. The fail-safe analysis indicated that it
would have required four studies (nearly as many as were published) with a negative effect
of —0.25 to reduce the summary effect to a trivial g = 0.05.

One study of EEG effects of restriction diet showed reliable changes in frontal EEG power?2
of g =0.71, 95% CI = 0.11 to 1.31, p = .021, but no effects in central or posterior regions; a
study of heart rate?! showed no consistent effects of food challenge.

Overall, although the handful of double-blind, crossover, diet-restriction studies used a
relatively small total number of participants, their pooling indicated that dietary restriction
produces a reliable and clinically meaningful benefit in children with ADHD. The effect size
of 0.29 is approximately one-third the size of a summary medication effect of 0.9,40 and is
equivalent to a change from the 50th to 62nd percentile, thus potentially clinically
meaningful. We therefore proceeded to our detailed analysis of food colors, the
hypothesized component of these diets that is most discussed in terms of policy
implications.

Synthetic Food Additives

Table 1 lists the studies used for our food colors meta-analysis (see Table S2, available
online, for details on study inclusion and exclusion in each of the subsequent analyses).
Typically, participants first followed a version of the Feingold diet or other restriction diet
that eliminated synthetic color additives as well as other foods and additives (see previous
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section), and were then challenged with specially prepared cookies, juices, or capsules
containing either one or a mixture of synthetic colors and, in some studies, other additives.

Parent Reports—For parent reports, we had 20 studies with 794 participants. Figure 2
portrays the results for the random-effects model across all available studies, with parent
studies in the top portion of the figure. As shown, the effect is highly reliable, with a point
estimate effect size of 0.18 (see Table S3, available online, for details on each study in
Figure 2. Table 2 provides summary data on the model; Note that, as evident in Table 2, this
result masked substantial heterogeneity across studies. Heterogeneity and effect size were
not explained by any single study; a sensitivity analysis (removing one study at a time)
yielded a range of effect sizes from 0.17 (p = .001) to 0.23. However, removal of the studies
with significant residuals (z > 1.96)1517.19 resulted in more acceptable homogeneity as
indicated in the second line of Table 2.

We explored other moderation effects, as summarized in Table 2. As it shows, the effect
held when blinding was carefully validated, but fell to just below significance when studies
were restricted to high-quality outcome measures. However, effects were significant when
restricted to those studies that challenged with food colors, but not when selected for high
quality measures or for FDA-approved colors only. The significant effect seemed to be
carried by studies of unselected samples, which overlapped with studies outside the United
States that included additional colors and/or preservatives. Hyperactivity level of the sample
did not affect results. Meta-regressions (see Table S1, available online) showed that parents
reported larger effects with higher dose, but no effect of dose duration or of global quality.

Teacher/Observer Reports—For teacher and observer reports, we had 10 reports with a
combined sample size of 323 participants. Effects by reporter (teacher vs observers) were
nearly identical. Effects by setting suggested slightly more effect in classroom than
laboratory or clinic settings, but were difficult to evaluate because of the small number of
nonclassroom observations. Pooling across these effects, the random-effects model yielded a
nonsignificant effect of food colors of 0.07 (p = .14; Table 2). As shown in Table 2,
heterogeneity was minimal, lending confidence to the summary statistic. The effect grew
slightly larger with higher quality measures (g = 0.08) but still shy of significance. It was
reliable for studies confined to food colors (p =.03) but not when restricted to FDA-
approved colors (Table 2). However, there was only 1 small study of FDA-approved food
colors using valid and reliable outcome measures and non-preselected samples. When the
entire pool of studies was divided into preselected and nonpreselected samples, power was
reduced and neither group separately yielded a significant g value. The forest plot for eight
studies with reliable outcome measures is included in Figure 2, in the middle portion, with
details on each study available in Table S3, available online).

Psychometric Tests of Attention—For psychometric test measures of attention, we had
six studies examining 154 children, with the results portrayed in Figure 2 (bottom portion),
and test-by-test results provided in detail in Table S3 (available online). The attention
studies yielded a reliable pooled effect of 0.27 (p = .007) (Table 2 provides model details).
Again, heterogeneity was modest, lending confidence to the estimate. Because few of these
effect-size estimates relied on imputation of the repeated-measures correlation, the effect
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was robust to sensitivity analyses for time 1 to time 2 correlations (if r = 0.75, g = 0.244, p
=.006; if r =0.25, g = 0.243, p = .002). As shown in Table 2, the attention task effect held
for studies of colors only and for studies of FDA-approved colors only, albeit with a pooled
sample size of only 68 participants. Although heterogeneity was minimal and there were no
statistical outliers (largest residual z = 1.47), the color-only effect was vulnerable to single-
study effects (see Table S4, available online, for details).

Motor and physiological results were too variable for meaningful pooling; however,
significant effects were seen for individual measures in single studies (see Table S4,
available online, for details). When studies were grouped according to whether children had
been preselected to be sensitive to food additives, results did not vary significantly across
these groups of studies. Most results held when restricted to children not pre-selected (see
Table S5, available online, for detailed results).

Publication Bias—Publication bias was evaluated with a funnel plot, and the effects of
bias, if it might be present, were evaluated using a trim-and-fill procedure. This procedure
imputes the point values for studies that are “missed” in the estimated bias and recomputes
the effect size. We also considered Orwin’s fail-safe N. In the latter analysis, a “trivial” size
g was set at 0.05, and we computed the number of studies needed to bring the point estimate
below this level if they all had effect sizes of 0, —0.10, or —0.25. Table 3 shows the results
for key analyses and reveals that the parent global result and the result for validated studies
survive correction for publication bias, but the results for colors only (no other additives) do
not. It should also be noted that the trim-and-fill procedure is less reliable in conditions of
very high heterogeneity, as seen in the parent data; thus there may be true differences in
effect sizes for the small versus large studies.

As shown in Table 3, teacher/observer results for studies confined to food colors were
unaffected by potential publication bias. Results for psychometric tests of attention showed
no evidence of publication bias, either. In all, the results that were insensitive to possible
bias (the most dependable results) were the following: the parent-rated overall result
(including studies to examine additives in addition to food colors); observer-rated data on
food colors studies; and psychometric tests of attention.

Percentage of Children Reacting—Fourteen studies,15:19.20.24,34,42,4547,49,51,52
including three studies reported by Conners,19 attempted to gauge the percentage of children
reacting to food colors. All were based on children who had been preselected to be diet
responsive by either an open-label trial or parent report. The criteria for response varied
from a general impression to a formal within-subject statistical test. Across all 14 reports (n
=241, with 51 “responders”), the event rate was 18% (95% CI = 0.09-0.32; p < .0001).
Among the eight studies with what we coded as using well-defined criteria for
responders,12:17.19.20.24,46.47.49 jn (n = 176), including two studies in Goyette et al., 1’ the
event rate was 24% (95% CI = 0.13-0.40; p = .002). Variation among the studies was high
(Q =17.9; p<.01). Because the 24% figure is the response rate to food colors among diet
responders (studies of general population samples are excluded here), we combined these
findings with the estimation of how many children with ADHD are diet responders from
Part 1 of our results. We calculated that 8% (24% x 33%) of children with ADHD may have
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symptoms related to food colors. A confidence interval around that figure could not be
computed, but would be large.

However, these effects were not specific to food colors. Studies that considered the question
of specificity of effects concluded that children who react to food colors also react to other
food ingredients.20:35

DISCUSSION

The relation of food color additives to ADHD has provoked periodic controversy for nearly
40 years, but has gained renewed currency with review by European and American
authorities recently taking different policy actions. The present meta-analysis provides new
clarification and nuance, and overturns some previous conclusions. It is important to note
that we emphasized randomized controlled trials, because these provide prima facia
evaluation of causality. We began by examining whether a restriction diet improves ADHD
symptoms, concluding that it does so, with perhaps 30% of children with ADHD being
responsive.

We then proceeded to examine food color additives, one component of a restriction diet.
First, across all studies, ratings from parents produced a highly reliable effect of synthetic
food colors at a standardized effect of 0.18, which was reduced to 0.12 when restricted to
studies with well-described measures of ADHD. Because of findings from more recent
studies, it is no longer the case that this effect is carried by preselected samples. However,
although the effect was reliable in studies of food colors without preservatives, it was not
reliable for studies restricted to FDA-approved food colors only. Thus, the parent rating
effect seemed to be carried by studies outside the United States, which either utilized
additional coloring agents or added preservatives to their challenge, or both. It can be
concluded that some food additives provoke increased symptoms as rated by parents, but it
is not clear whether this effect can be attributed to FDA-approved food colors. Our effect
size estimate is slightly smaller than that estimated by Schab and Trinh,10 who did not
separate the effect size estimate by studies restricted to FDA-approved colors or quality of
ADHD measure.

Results for observer/teacher ratings still fail to show reliable effects in aggregate despite the
addition of new studies since the meta-analysis by Schab and Trinh.10 This observer-rated
effect was reliable for studies of food colors only, but again not when restricted to FDA-
approved colors. Although true variation in study effect sizes cannot be ruled out, and
although controversy remains regarding the validity of correcting for publication bias®? the
result was a lack of a consistent finding across parent and teacher/ observer ratings, after
quality of measure was taken into account.

Notable in this light was that nearly all studies examined combinations of colors, with too
little consistency in their mixtures for us to test comparative effect sizes of different
mixtures or individual compounds. Likewise, dose and exposure length varied. Blinding
quality also varied; only a small number conducted blind verification and even those
attempts were often incomplete by contemporary standards. These issues may account for
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some of the high variability in the parent-report data as well as some of the inconsistency
across models that included different studies. Clearly needed are studies that quantify
comparative effects of individual colors and additives or competing specific mixtures; those
studies might benefit from updated consideration of the range of intakes by children today.

In view of these mixed results, it is important to note that no prior meta-analysis evaluated
objective, computerized measures of attention. Thus, an important contribution here is that
we observed reliable effects in this analysis, which were not explainable by publication bias,
at an effect size of 0.27. This effect also held when the finding was restricted to studies of
only FDA-approved colors. This finding suggests that the pursuit of studies of the effects on
attention and mental control may be fruitful. Despite the reliability of the psychometric test
finding, with 154 participants across all studies and only 68 participants in studies in the
United States, the generalizability of these findings for clinical or policy recommendations is
questionable at best and individual studies can still be criticized for methodological
limitations. The result for studies restricted only to food colors was, due to the small number
of studies and small aggregate sample, vulnerable to single study effects. Even so, the
overall pooled result is sufficiently robust that it would not be easily overturned even if
several unpublished, negative results exist.

Indeed, it is striking that despite several recent studies in Europe, in the past 20 years there
have been no studies restricted only to FDA-approved food colors and almost no studies of
unselected samples. These gaps reflect a complete absence of modern studies of this topic in
the United States since the early 1990s. The literature remains limited by lack of validation
of blinding in many studies, and wide variation in methodology which would be best
addressed by a pooled analysis of individual data across studies—not possible with the old
literature. In short, despite 35 years of research and evidence of an effect of food colors on
objective measures of attention, the database that would confirm this possibility and
generalize it for contemporary use is woefully out of date with regard to policy or clinical
decisions in the United States.

Overall, a mixed conclusion must be drawn. Although the evidence is too weak to justify
action recommendations absent a strong precautionary stance, it is too substantial to dismiss.
As for substantiality, it was striking that restricted food diets could be helpful in managing
ADHD in a clinically meaningful subset of cases, and should continue to be investigated. If
predictors of dietary response could be identified, a treatment avenue might be opened for
some children. It also seems that food additives can influence ADHD symptoms across
different outcome measures, with effects that are in the range of one-sixth to one-third the
size of a medication effect, depending on the outcome measure and challenge type.
Although these average effect sizes are small in clinical terms, they could be quite
substantial from the perspective of population-wide prevention efforts. Intriguing was that
reliable effects were observed in psychometric laboratory tests of attention. However, in
counterpoint, the limitations of these findings are important. The confidence in or
generalizability of the food color findings is limited by the lack of consistency in the
findings across information sources, small pooled samples for studies restricted only to
FDA-approved colors and for the psychometric test data, outdated studies in the United
States, and vulnerability to publication bias of findings from parent studies.
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In conclusion, approximately 33% of children with ADHD may respond to a dietary
intervention. Although as many as 8% may have symptoms related to food colors, the source
of most of this dietary response remains unclear. We thus conclude that dietary effects on
and treatments of ADHD, including food additives and colors, deserve renewed
investigation.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Restriction dietary crossover studies: homogenous results. The size of the square indicates
the study weight, and the width of the diamond is the 95% confidence interval (Cl).
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Hedges g and 95% confidence interval

M

-«-.-—. >|

-0.50 0.00 0.50 1.00

Food colors helpful food colors harmful

Food colors results for parent report: all studies, teacher/observer reports of high quality
studies, and psychometric tests of attention. The size of the square indicates the study
weight, the line for individual studies indicates the 95% confidence interval (Cl). The
summary effects are shown for parent, teacher/observer, and test results by the diamond; the
center of the diamond is the effect size and the width of the diamond is the 95% confidence
interval. Comparison across studies using the graph metrics can only be done within domain.
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