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	Abstract

 


Currently approved food additives, including color additives, have a long history of safe use in human consumables. Many food additives are added to increase the flavor or other sensory appeal of food items and have typically been viewed as enhancing the experience of eating or drinking. Research on the impact of food color additives (FCAs) upon neurobehavior, especially focusing on hyperactive behavioral symptoms in children and adolescents, began in the mid-1970s in the United States (US) with animal and human studies. Interest in the impact of FCAs on behavior and especially neurobehavior in children and adolescents with attention-deficit/hyperactivity disorder (ADHD) symptoms has increased over time. We examined scientific evidence on the relationship of the Food and Drug Administration (FDA) approved FCAs and behaviors in children and adolescents with ADHD symptoms and in laboratory animals. Current literature on human and animal research with a focus on meta-analyses and systematic reviews was reviewed. Our results indicate that published human studies from the past decade do not offer a strongor reliable explanation of the impact of FCA presence or elimination on ADHD symptoms in children and adolescents. Non-clinical studies involving animals included exposures to FCAs that was considerably greater than amounts estimated to be consumed in the diets of humans either alone or in mixtures and found that the magnitude of behavioral changes observed have been small, inconsistent, and not dose-dependent in nature. Limitations of our review and potential for future research are presented herein.
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Introduction

 


Food additives, including FCAs, have been regulated since at least the thirteenth century [1]. Modern FCAs are used by food product developers to indicate palatability, or tastiness, of food and beverage products. Colors are also added to ensure an even, consistent appearance and to replace intrinsic color lost during processing, and create visual cues that match flavoring cues, all to help food and beverage products meet the expectations of consumers. FCAs, as well as all food additives, must be demonstrated and determined to be safe for their intended use in foods prior to their addition to the food supply.



One specific concern associated with certain FCAs has been the potential for the induction of or worsening of negative neurobehavioral effects, specifically hyperactivity behaviors in children [2,3]. A particular focus of research has been associated with consumption of FCAs and potential for negative neurobehavioral effects in children diagnosed with Attention-Deficit/Hyperactivity Disorder (ADHD) or symptoms thereof [4]. Observational studies regarding diet and ADHD symptoms in youth have appeared in the literature over the past forty-plus years. Beginning with the work of Dr. Ben Feingold [2], a number of publications reported on dietary intake patterns and the impact on ADHD symptoms. In 2004 and 2007, two studies were published by researchers at Southampton University on the topic of FCAs and hyperactive symptoms in children [3,5]. These research studies are commonly referred to as the Southampton studies, and were responsible for an increased interest in the impact of FCAs on ADHD symptoms and behaviors. The Southampton studies evaluated mixtures of food additives, including FCAs approved for use in the United States (US), Allura Red 40, Tartrazine, and Sunset Yellow FCF (see Table 1 for synonyms); FCAs not approved for use in the US, Carmoisine and Ponceau 4R, and the preservative sodium benzoate.



The current review will focus on an assessment of the information associated with neurobehavioral effects of seven of the nine synthetic FCAs approved for use in the US because only seven are FD & C food colors approved for wide use in foods by the FDA for ingestion, i.e. FD & C Blue No. 1, FD & C Blue No. 2, FD & C Red No. 3, FD & C Red No. 40, FD & C Yellow No. 5, FD & C Yellow No. 6, and FD & C Green No. 3 (see Table 1). The other two colors approved by the FDA, i.e. Orange B and Citrus Red No. 2, are only authorized for limited use as external colorants and will not be covered in this review. Of the colors utilized in the Southampton studies, three are FD & C color additives approved for use in the US and included in this evaluation (i.e. FD & C Yellow No. 6, FD & C Yellow No. 5, and FD & C Red No. 40). The remainder of the FD & C colors (FD & C Blue No. 1, FD & C Blue No. 2, FD & C Red No. 3, and FD & C Red No. 3) were never studied in the Southampton studies or similar human trials such as Lok, et al. [6]. This review examines the research literature on the relationship of all FD & C FCAs and behavior in children and adolescents with diagnosed ADHD and ADHD symptoms, as well as the literature as it relates to neurobehavioral changes in laboratory animals.


Landmark studies


The Southampton studies both utilized a randomized, double-blinded, placebo-controlled crossover trial design to test whether the intake of artificial food color and additives affected childhood behavior. In both studies, the test article (i.e. two mixtures of colors and sodium benzoate) and placebo mix were administered via a juice drink. The children studied were not clinically diagnosed with ADHD, but instead were a convenience sample classified either as hyperactive or not, based only on a rating scale.



In Bateman, et al. [5] parents were asked to remove FCAs of interest from their children's diets for a month. Then, in a 'double-blind challenge' phase, the children were each given a daily fruit drink for a week, with half of the children given drinks containing the additives and the other half given a similar non-additive drink. Parents and children were blind in this part of the study and did not know which drink they had. The results of Bateman, et al. [5] revealed no significant difference in behavior between the two groups who received the FCA or the placebo as assessed by trained and blinded psychologists. However, the hyperactive ratings significantly increased on active challenge compared to placebo when rated by parents, who were blinded to the treatment. The authors provided context associated with potential for parental bias associated with the removal of colors and additives from a child's diet and stated "...the parents were not blind to the removal of additives/colors from their children's diets" and therefore expectancy bias could influence the parents expectations for foods with FCAs to produce more hyperactive behaviors. Because of the potential for such biases to be associated with parental observations, the view of the medical community is that parents are not in a position to make objective judgement for the identification of ADHD as they often lack a large enough reference group for comparison [7].



McCann, et al. [3] utilized a double-blinded test article protocol for their study and found that parents rated their children not exposed to FCAs to have decreased hyperactive behavior. Teachers in the study also rated children not exposed to FCAs to also have decreased hyperactive behavior compared to challenge periods in which the children were exposed to FCAs, but to a lesser degree than the parents. Additionally, the reported symptoms by parents as compared to teachers in the Southampton studies were less consistent (reflecting a higher degree of subjectivity) compared to reported symptoms by parents and teachers when effective interventions are tested (e.g. pharmacological treatment) [8]. In fact, the European Food Safety Authority (EFSA) re-analyzed the original data using a more appropriate and conventional statistical model. Using this model, where each subject served as its own reference, EFSA disagreed with two conclusions drawn by McCann, et al. [3] and the statistical significance of the findings. Overall, EFSA concluded: 1) The McCann, et al. [3] study provided limited evidence that the two mixtures of color additives and sodium benzoate had a small but statistically significant effect on behavior in a small number of children; 2) Those reported effects were not observed for all children in both age groups studied and were not consistent for the two mixtures of color additives; 3) That the study findings could not be extrapolated into an assessment of the these additives' impact on behavioral changes in the general population and 4) It was not possible to determine a potential sensitivity to individual additives [9].



In a replication of McCann's research, Lok, et al. [6] used a randomized, double-blind, placebo-controlled protocol including the increased doses of the color additives used in Mix A (FD & C Yellow No. 6, FD & C Yellow No. 5, carmoisine, and ponceau 4R) by McCann, et al. [3] in 8- to 9-year-old children in Hong Kong. In contrast to McCann, et al. [3], Lok, et al. [6] did not report observing an association between color additive intake and behavior. Lok was unable to produce the same findings of McCann, et al. [3] despite using the increased doses of the same color additives and a very similar study protocol. A follow-up call was conducted three months after the completion of the 6-week study in which it was reported that 52.5% of parents believed that additives did not affect their children's behavior, but 62.4% continued to follow an additive-free diet for their children. In contrast, 43.4% of parents believed that additives did affect their children's behavior, of which 20.5% observed a behavior change, 9.4% temper change, 6.8% mood change, 3.4% less hyperactive, and 2.6% attention change [6].


Regulatory background


Interest in the impact of food dyes and additives on behavior in children and adolescents continues to the present day. Additional research in this area has continued with varying levels of rigor and thus, often inconsistent results influence national policy on FCAs.



Beginning with the promotion and publication of epidemiological studies in the 1970's investigating potential links between consumption of color additives and behavioral effects in children, the US government initiated a number of formal reviews, the National Institute of Health 1982 and FDA 1986 and 2011, and communications on color additives with the latest effort beginning in October 2019 at the Science Board to the FDA [10]. The last formal review by the FDA occurred in the Food Advisory Committee (FAC) meeting convened in March 2011 to "...consider available relevant data on the possible association between consumption of certified color additives in food and hyperactivity in children, and to advise the US FDA as to what action, if any, is warranted to ensure consumer safety" [11]. The US FDA FAC determined that a causal relationship between exposure to color additives and hyperactivity in children in the general population has not been established. However, for certain susceptible children with ADHD and other problem behaviors, the data suggest that their condition may be exacerbated by exposure to a number of substances in food, including, but not limited to, synthetic FCAs. Findings from relevant clinical trials indicate that the effects on their behavior appear to be due to a unique intolerance to these substances and not to any inherent neurotoxic properties. The FAC also voted against recommending additional information to be disclosed on the product label of food containing certified color additives to ensure their safe use [12].



In 2018, the California Legislature (SB-504 Synthetic food dyes) directed the California Environmental Protection Agency's Office of Environmental Health Hazard Assessment (OEHHA) to address two questions related to color additives approved for use in foods by the United States Food and Drug Administration (FDA): 1) Do synthetic dyes adversely affect some children's behavior?; 2) If yes, what risk management options are available to the Legislature, if any? OEHHA subsequently requested information on nine FDA approved food color additives relating to possible neurologic and neurobehavioral impacts to be included in their risk assessment (OEHHA, 2018).



In addition to reviews performed by US government entities, other international expert food safety bodies, including EFSA and JECFA, have performed assessments that included an evaluation of the evidence associated with FCA and neurobehavioral endpoints. Each have not determined that restrictions on uses are not necessary based on the dataset evaluating a potential link between consumption or avoidance of food colors and neurobehavioral effects in children and adolescents [13]. However, the EU Parliament independent of the lack of concern following the EFSA assessments of the scientific evidence adopted into EU food labeling law requirement for the inclusion of additional label text, " may have an adverse effect on activity and attention in children" on products that contain the Southampton colors [14].


Safety and regulatory status of FCAs


Food additives including the FCAs must be demonstrated to be safe before they are allowed to be placed in foods and beverages. In the US, the FDA is charged as the public health agency to use science and scientific understanding to ensure that food additives, including color additives, are safe for their intended use. The seven FCAs included in this review (see Table 1) are FDA regulated as certified color additives [15]. While all color additives must undergo a pre-market safety assessment and approval, synthetic colors manufactured using petroleum-based starting materials are required to meet an additional layer of safety assurance by batch certification through analytical evaluation and approval by the FDA [16]. Records are available for each batch of color additive certified by the FDA [17]. In addition to their limited scope of regulatory approvals, Orange B and Citrus Red No. 2 are not included in this assessment because of their negligible contribution to human exposure. For this reason, they were not included in the FDA exposure assessment study published in 2016 that reported estimated intake of FD & C color additives in the US population [18].



The seven FCAs included in this review (see Table 1) were re-reviewed more recently and determined safe for their intended use by the Joint FAO/WHO Expert Committee on Food Additives (JECFA) [19-22]. Similarly, the European Food Safety Authority (EFSA) has also reevaluated six of these seven color additives (FD & C Green No. 3 is not used in Europe) among other non-US approved color additives which are approved for use in Europe. Both the JECFA and EFSA evaluations included the information from the Southampton studies evaluating neurobehavioral endpoints and determined that they continue to be considered safe for their intended use in foods [19-26].


Attention-deficit/hyperactivity disorder


In order to evaluate the potential for FCAs to induce or exacerbate ADHD symptoms in a child or adolescent, it is important to understand the state of knowledge associated with the conditions described as ADHD and their diagnosis. Between 2014 and 2016, approximately 10.6% of children aged 5-17 years in the US were diagnosed with ADHD and understanding the cause(s) of behaviors in children is an active topic of scientific and medical research [27]. Presumably, there are far more youth who exhibit symptoms of ADHD but do not technically meet the full criteria for diagnosis of ADHD. The exact causes of ADHD are not fully understood but there is sufficient evidence that supports a multi factorial etiology involving genetic and environmental factors [28] and thus causative factors for symptoms of ADHD are likely to be complex.



The diagnosis of ADHD relies on qualitative behavioral assessment and there are currently no reliable biological markers that can be measured to diagnose ADHD, since selective and sensitive biomarkers pointing to an ADHD diagnosis have not been established [29]. This makes an accurate diagnosis of ADHD challenging. Complicating the ability for accurate diagnosis, numerous health-related issues not related to ADHD can present with similar symptoms as ADHD, including; hearing problems, learning or cognitive disabilities, sleep problems, depression or anxiety, and substance abuse [30]. Because other conditions or lifestyle behaviors can mimic ADHD symptoms, addressing such conditions and/or adopting lifestyle changes associated with better health may be impactful on the expression of ADHD and ADHD-like symptoms in children. The ability to determine the ADHD status of a child can also be complicated by differential scoring of a child's abilities in the evaluations included in the Diagnostic and Statistical Manual, DSM-5 [31] of mental disorders used for diagnosis of ADHD. The criteria, subtypes and terminology have also changed over the years, complicating things further. The term "Attention Deficit/Hyperactivity Disorder" was introduced in DSM-III-R, with the controversial elimination of Attention Deficit Disorder without Hyperactivity [32]. With the publication of the DSM- IV, the term ADHD was retained along with the introduction of three specific subtypes (predominantly Inattentive, predominantly Hyperactive-Impulsive, and Combined), defined by the presence of excessive symptoms of inattention and/or hyperactivity-impulsivity [33]. The release of DSM-5 is the latest update to ADHD nosology. The DSM-5 revisions include modifications to each of the ADHD diagnostic criteria (A-E), a terminological change in the ADHD subtype nosology, and the addition of two ADHD modifiers. Fair, et al. [34] evaluated the response ranges from DSM-IV, specified tests for children with and without an ADHD diagnosis and reported that the heterogeneity in the scoring of individuals with ADHD in the different tests fell within the range of individuals without an ADHD diagnosis on one or more specific tests. The lack of knowledge regarding causation and challenges in making diagnoses are formidable hurdles for accurately understanding ADHD and the factors that may impact these conditions.



The difficulty in an accurate ADHD diagnosis is well recognized and is a serious concern for specialists and advocates of children's health. This difficulty can be observed in the literature documenting the rate of over-diagnosis or misdiagnosis of ADHD in developed countries, including the US [35-40] According to the Centers for Disease Control and Prevention (CDC) [41], the estimated number of children diagnosed with ADHD in the US is 6.1 million based on a national 2016 parent survey. The absence of objective and consistent criteria for diagnosis calls ADHD studies into question since it compromises the validity of the response by introducing response misclassification. For example, concerns have been raised regarding over-diagnosis of ADHD in response to a recent study reporting suspiciously high prevalence rates up to 20% [42]. This is significantly higher than the CDC rate from 2016 and indicative of the challenges of accurately identifying base rates of the disorder.



According to recent publications, about one million children may be over- or misdiagnosed as having ADHD because their evaluation fails to address other factors that may explain their behavior [36]. There are compelling data showing that the age of the child relative to the age group against which the behavior is measured leads to misdiagnosis, and that boys are more than twice as likely to be diagnosed than girls [35,36,39,40]. Younger children are significantly more likely than their older peers in the same school grade to be diagnosed with ADHD and be prescribed with stimulants such as Ritalin, likely because their behaviors reflect more a measure of maturity than ADHD [40]. The diagnosis of ADHD is challenging and imprecise and this has ramifications on assessment of symptoms that may present considerable variability in response to treatment, and other environmental factors.


Methods 

 

Literature search strategy


The objective of the literature search was to determine if newly published studies existed for evaluating the potential effects of FCA intake on ADHD symptoms in humans and to identify the latest review papers, including systematic reviews and meta-analyses. In order to obtain the evidence of an association between FCAs and hyperactive behaviors, nine literature searches were conducted utilizing the National Library of Medicine PubMed database to assess the published literature in this research area, two of which were conducted specifically on the effects of color additive intake on behavior in children and adolescents.



The first search regarding human research, conducted on 19 July 2019, addressed published literature associated with meta-analyses and literature reviews linking neurobehavioral or neurological effects with the intake of FCAs and used the following search terms:



(((Artificial food colors or artificial food dyes or artificial food coloring or artificial food colorant or food color additives or synthetic food colors or synthetic food dyes or synthetic food coloring)) AND (meta-analysis or literature review or systematic review)) AND (neurobehavioral or ADHD or children or attention deficit hyperactivity disorder). The first search returned 33 records.



A second search was conducted for the date range of January 01, 2017 (the month of the most current meta-analyses) [42] to 22 July 2019 (date of the search) intended to identify any human intervention or challenge studies associated with FCAs that were not captured in the literature reviews or meta-analyses. This search used the following search terms:



(((Artificial food colors or artificial food dyes or artificial food coloring or artificial food colorant or food color additives or synthetic food colors or synthetic food dyes or synthetic food coloring)) AND ("2017/01/01" [Date - Publication]: "3000" [Date - Publication])) AND (clinical study or intervention study or challenge study or clinical trial).



The second search returned 11 records.



Seven searches were performed intended to capture any neurobehavioral or neurotoxicity animal studies related to each FCA under review in this evaluation. Because safety research in animal models is typically specific to one compound, a literature search was performed for each FD & C color rather than a generic FCA search. The date range started with the most recent EFSA evaluation because any available neurobehavioral or neurotoxicity study in animal models would have most likely been captured within their review. The search terms included (the name of the color or its synonyms) AND (neurobehavioral or neurotoxicity or non-clinical study or brain or nervous or learning or memory or cerebral). The specific search terms, criteria, and number of returned records for each search can be found in Table 2.



The seven searches returned a total of 559 references, though 159 records were duplicates.


Inclusion and exclusion criteria


The titles and abstracts, if applicable, of the returned records in all searches were then evaluated to determine their relevance for inclusion within this evaluation. The inclusion criteria were full-length articles in a peer reviewed journal; written in English; relevant to the respective search. Scientific discretion was used to determine if the titles, and abstracts, if available, were relevant given the search terms and objective of the search. These criteria led to the final selection of 12 manuscripts in the animal literature and 6 manuscripts in the human literature for further review. An additional three manuscripts in the animal literature, and two manuscripts in the human literature were identified via references from a returned record. The 23 key systematic reviews, meta-analyses, current clinical studies, and non-clinical studies identified from these searches are summarized in this review. A brief overview of the manuscripts on clinical and non-clinical research reviewed can be found in Table 3 and Table 4, respectively.


Results 

 

Human research review



FCAs and ADHD symptoms in children and adolescents: 
Our first task was to examine current research in human subjects on the relationship between the approved FCAs listed in Table 1 and behaviors associated with ADHD symptoms in children/adolescents. In the literature review of human studies, two types of study design approaches used for such clinical studies, challenge and interventional studies, were found. Challenge studies administer FCAs via food or beverages and examine the impact of such on behavior. Interventional studies involve removal of FCAs from the diets of children and adolescents and explore the impact on behavior.



This research was built upon by systematically exploring the meta-analyses and reviews of the research conducted in this area after 2012. As seen from Table 3, the number of review and meta-analysis manuscripts in this research area over the past 7-years is limited, and primarily review or implement meta-analyses on previous articles to assess the relationship between FCAs and intensity of ADHD symptoms in children and adolescents. The type and quality of reviews and analyses varies considerably and thus, findings must be interpreted with caution, as some reviews are general summaries of older studies and other analyses are sophisticated in their evaluation and summary of results.




Meta-analyses and Reviews in Humans from 2012-2019: 
Nigg, et al. [43] conducted a quantitative meta-analysis to assess the role of diet and intake of food colors on children's ADHD symptoms. The relevant literature for this meta-analysis included FCAs that are outside the scope of our evaluation (i.e. Orange B, Citrus Red #2, Azorubine, Brown FX, Patent Blue v, and Brown HT). Evaluation of results from parent-generated reports yielded an effect size that did not survive correction for possible publication bias and was not reliable in studies confined to FDA-approved food colors. The entire set of teacher/observer reports yielded a non significant effect. However, when the authors evaluated a subset of the published studies, the teacher/observer reports demonstrated an effect that survived correction for possible publication bias. The authors estimated that 8% of children with ADHD may have symptoms related to consumption of synthetic food colors and that some children in the reviewed studies saw reduced symptoms of ADHD on restriction diets. However, this result was based solely on parental observational results and was not representative for studies that included child self-evaluation or evaluated FCAs alone as the test article. Lastly, the authors emphasize that despite the research over the past 20-years, there have been no studies exclusively evaluating FDA-approved FCAs. Because the results evaluated were susceptible to publication bias or were developed from data from small subsets of the dataset, the authors concluded that a scientifically supportable link between FCA consumption and ADHD symptoms did not support recommendations to remove FCAs from the diet and additional investigations are needed.



In a 2013 review, Stevens, et al. [44] examine the research on potential mechanisms by which FCAs and other food additives may cause behavioral changes in children with and without ADHD. It is noted that several of the FCAs and other test articles included within Stevens, et al. [44] fall outside of the scope of this review (i.e. carmoisine, Orange B, l-glutamic acid, sulfanilic acid, quinoline yellow, and aspartame).The authors focused only on research purporting that there are subgroups of children (with or without ADHD) who react adversely to challenges with FCAs. The authors noted differences in response percentages following exposures to higher amounts (> 50 mg) than following exposures to lower amounts, 20-40 mg, and suggest that a need exists to identify a tolerable upper limit of exposures for children, including those at higher risk. Given that the authors could not identify concordance between the clinical and non-clinical datasets, they suggested that additional data will be needed that specifically investigates potential mechanisms that could be responsible for behavioral effects in small segments of children within both the general and ADHD diagnosed populations.



EUNETHYDIS, the European Network for Hyperkinetic Disorder, is a network of scientists and clinicians dedicated to the study and treatment of children with ADHD or hyper kinesis. The EUNETHYDIS European ADHD Guidelines Group published papers evaluating the data associating color additive intake and ADHD. In a publication on behalf of this group, Sonuga-Barke, et al. [45] identified eight papers that evaluated food color additives which met the authors' criteria for inclusion, of which four trials excluded certified food colors (i.e. excluded FCAs within scope of this review), two implemented Feingold-type diets, one excluded tartrazine, and one excluded unspecified food colors. The meta-analysis revealed a statistically significant, but weak, association between restriction of food color additives and behavior. However, when the analysis was limited to the four papers that utilized a protocol with low or no pharmacological interventions and to protocols that were blinded, the association between food color additives and behavioral effects was further reduced and ceased to be statistically significant. Overall, the evidence available to Sonuga-Barke, et al. [45] was insufficient to demonstrate a clear association between behavioral impact and food color additive intake, because the supporting evidence was limited to unblinded ratings made by parents, whom likely to have a biased interest in success of such interventions. The authors concluded that more evidence from blinded studies focusing on other facets of treating ADHD symptoms, such as behavioral interventions, neurofeedback, cognitive training, and restricted elimination diets, needs to be examined before FCA elimination can be supported as a treatment for core ADHD symptoms.



In a second publication on behalf of the EUNETHYDIS European ADHD Guidelines Group, Stevenson, et al. [46] focused on dietary treatments for ADHD symptoms and reviewed three meta-analyses related to ADHD and the purported efficacy of FCA elimination diet treatment [42,43,45]. Results indicated a small effect size when individual study results were converted to standardized mean difference (SMD) units for FCA elimination with an average of approximately 0.30, ranging from 0.18-0.42, which is likely to be lower, approximately 0.22, when the highest quality studies are used. The generation of SMD is based on the magnitude of standard deviation difference that was found between the mean ADHD scores under the treatment and control conditions. This procedure is often used to measure effect size that is independent of the scales being used within the dataset. The authors concluded that "artificial food colour elimination is a potentially valuable treatment but its effect size remains uncertain, as does the type of child for whom it is likely to be efficacious" [46]. Agreeing with previous evaluations, the authors came to the same conclusion that the methodology used in most of the trials on which the meta-analyses are based was weak, limiting their ability to endorse FCA elimination or restriction as an efficacious treatment for ADHD.



Maren Johanne Heilskov Rytter, et al. [47] conducted a systematic review of literature evaluating the effects of FCA restriction diets on ADHD symptoms in two challenge studies, four elimination studies, and two studies that were considered both challenge and elimination studies. They evaluated whether children's symptoms worsened when exposed to FCAs. The authors noted that all of the studies evaluated were decades old and that the children included in those studies likely did not meet the criteria in place in 2015 for an ADHD diagnosis, which may be a common challenge to reviews of previous studies. The authors concluded that the studies reviewed had shortcomings and that although elimination diets may have promise in reducing ADHD symptoms, more thorough investigations are necessary to decide whether elimination diets are recommendable as part of treatment of ADHD symptoms.



In the systematic review of pharmacological and non-pharmacological treatments of ADHD, Catalá-López, et al. [48] also reported that dietary therapy, which included color additive restriction diet, lacked evidence as an effective treatment for reducing ADHD symptoms. This systematic review evaluated FCAs such as azo dyes but included several FCAs that are outside the scope of our evaluation as they are not approved for use in the US (i.e. carmoisine, quinoline yellow, and ponceau 4R). The authors used a Bayesian random-effects model of analysis which allowed for an incorporation and modeling of the data from the publications selected and incorporated a comprehensive evaluation of the uncertainties from the data evaluated over a range of parameters rather than on a static basis as used in non-Bayesian models. The individual effect of treatment compared with placebo for the elimination diet was reported to be of very low quality (0.77; credibility interval 0.23-2.64). The authors concluded that dietary therapy (including FCA restricted elimination diet) cannot be recommended as evidence-based interventions for improving global functioning and reducing core ADHD symptoms until there is comparative efficacy from clinical trials.



Feketea and Tsabouri [49] examined the relationship between FCAs and adverse reactions. Their results showed that adverse reactions caused by FCAs are rare. The authors found that there is a 32-fold discrepancy between the perception of reactions by patients and parents and the reported adverse reactions to FCAs. The authors conclude that these discrepancies make it hard to identify whether or not FCAs actually trigger adverse reactions.



Pelsser, et al. [42] noted the inconsistency in the literature and conducted a review of two meta-analyses [4,43] of double-blind placebo-controlled trials evaluating the effect of the artificial food color elimination on children with ADHD. The authors found SMD effect sizes for FCA elimination were higher as measured by parents (effect size = 0.21), but lower when rated by teachers (effect size = 0.08) and observers (effect size = 0.11). The authors noted that effect sizes ≥ 0.2 but < 0.5 are considered to be small and also stated that further research is warranted with more stringent research design focussing on mechanisms of the potential for food and FCAs to produce effects on behavior.


 

Human clinical studies from 2017-2019: 
A second search was conducted for the date range of January 01, 2017 (the month of the most current meta-analysis) [42] to 22 July 2019 (date of the search) intended to identify any human intervention or challenge studies associated with FCAs that were not captured in the literature reviews or meta-analyses. This search returned 11 records, none of which met the inclusion criteria. 




Clinical Study Protocols Specific to Evaluating FCAs and ADHD: 
An important aspect in obtaining the most useful and accurate data from clinical studies is to use a study protocol designed and optimized to evaluate the specific question at hand. In April 2009, the University of Massachusetts (UMass) Amherst Food Science Strategic Policy Alliance convened a meeting of experts, including food scientists, policy makers, pediatric nutritionists, psychologists, and biostatisticians to develop a model and methodology to assess potential links between color additives and ADHD in children [50]. Despite the availability of such guidance since 2011, we were unable to find published research that utilized the methodology put forth by Kleinman, et al. [50].


Animal research review


Both EFSA and JECFA evaluated safety data associated with each color, including any available neurobehavioral or neurotoxicity studies in animal models. The dates of adopted EFSA Scientific Opinions were used as a starting point for the publication date filter of each literature search for each FCA. The results presented below summarize each EFSA Scientific Opinion, except for Fast Green FCF (FD & C Green No.3) (because this color is not used in Europe and therefore no EFSA scientific opinion) and JECFA evaluation reports for all of the FCAs of interest, including Fast Green FCF (FD & C Green No.3).



The seven literature searches regarding neurobehavioral or neurotoxicity animal studies returned a total of 559 records, 159 of which were duplicates, and 12 of which met the inclusion criteria (see Table 4). An additional two manuscripts were identified as a relevant reference within one of the records retrieved from the literature search (see Table 4).


 

FD & C blue No. 1: 
Both EFSA and JEFCA have conducted recent safety evaluations for this color (synonym Brilliant Blue FCF) [21,25] While several safety studies in animal models were considered in the both safety evaluations, none specifically measured neurobehavioral or neurotoxicity endpoints, and neither body identified a safety concern from the studies evaluated. The JECFA review included one additional study [51] that was published after the EFSA Opinion.



The most recent non-clinical study of Brilliant Blue FCF was conducted by Tanaka, et al. [51] who assessed neurobehavioral effects, including surface righting, inclined plane test, cliff avoidance, swimming behavior, olfactory orientation, exploratory behavior, Biel-type maze learning and spontaneous behavior in either or both F0 and/or F1 generations of CD1 mice. The F0 and F1 generations were fed doses from 0.08, 0.24, and 0.72% of Brilliant Blue FCF in the diet, equaling doses up to 3855.5 mg/kg bw per day in the F0 generation. In the F0 generation, an assessment of exploratory behavior as measured by the number of horizontal activities in males was significantly (p < 0.05) increased only in the lowest dose group and an increasing trend was observed in females that did not reach statistical significance. Thus, no significant results were observed in females and a lack of dose responsiveness was observed in males for exploratory behavior. In females in the F0 generation, movement time exhibited a significant tendency to be increased, and the average time of rearing exhibited a significant tendency to be decreased in the treatment. No other statistically significant effects were observed in the other behavioral tests in the F0 generation. In the F1 generation, measures of behavioral development were evaluated and sporadic and inconsistent statistically significant (p < 0.01 or p < 0.05) changes were observed in behavioral tests. The authors concluded that Brilliant Blue FCF was unlikely to produce effects in humans based on the sporadic observed changes in the neurobehavioral battery of test evaluated, the estimated intake levels in the Japanese population, and the poor absorption of Brilliant Blue FCF [51]. As part of its review of Tanaka, et al. [51], JECFA reported that the data were inconsistent and inadequate for use in a safety assessment [21].


 

FD & C blue No. 2: 
Both EFSA and JEFCA have conducted recent safety evaluations for Indigo Carmine (FD & C Blue No. 2) [22,26]. EFSA ANS adopted and published their scientific opinion on the re-evaluation of Indigo Carmine in 2014. While several safety studies in animal models were considered, none measured neurobehavioral or neurotoxicity endpoints and neither EFSA nor JECFA noted any safety concern from the studies evaluated, including sub acute, chronic, reproduction, and developmental toxicity studies. We did not identify any new studies specifically evaluating neurobehavioral endpoints for Indigo Carmine published after the 2014 EFSA evaluation. JECFA re-evaluated the safety of Indigotine (Indigo Carmine) during its 86th Meeting [22], presumably using the same dataset as EFSA; however, the JECFA toxicological monograph has not become available to confirm if other studies were found and included. From their evaluation, EFSA and JECFA determined that the dataset available did not provide evidence that required a revision to the ADI and re-confirmed the previous ADI of 0-5 mg/kg bw per day. Both bodies concluded that dietary exposure to Indigotine was safe for all age groups, including children and adolescents.




FD & C red No. 3: 
Erythrosine (FD & C Red No. 3) was evaluated by EFSA in 2010 and JECFA in 2018 [22,51]. Both reviewed two studies in animal models measuring changes to neurobehavioral or neurobiochemical endpoints. The first was a dietary study conducted in mice over two generations, which demonstrated no adverse effects on reproductive endpoints but noted changes in several parameters of movement activity of exploratory behavior in the high-dose group only (adult F0 and F1 females and F1 male offspring) [51,52]. The second study, reported by Dalal and Poddar [52,53], measured motor activity, neurochemical endpoints and histologic changes in rats following oral dosing from 1 to 200 mg/kg bw per day [23,53]. While a dose-related decrease in motor activity and several neurochemical changes were noted at the doses equal to and greater than 10 mg/kg bw per day (10, 100 and 200 mg/kg bw per day), these effects were transient and returned to normal levels within 7 hours post-dose.



While Tanaka, et al. [51] concluded that the observed changes in reproductive and neurobehavioral parameters in mice were adverse, EFSA and JECFA did not [22,52]. For the effects reported by Dalal and Poddar, EFSA and JECFA determined that results were inconsistent and not considered to be adverse [22,52]. Therefore, both expert bodies concluded that the two studies did not provide evidence that would indicate a need to revise the existing ADI [22,52].



A second publication by Dalal and Poddar [53] that followed up testing on effects of Erythrosine on rat exploratory activity became available after EFSA had completed its literature evaluation. Similar to the earlier study, the authors reported increased rearing following exposure to 10 or 100 mg/kg bw per day for 15 or 30 days, but not following exposure of the lowest dose tested, 1 mg/kg bw per day. The authors investigated serotonin metabolism in various regions of the brain and reported elevated serotonin levels following exposure to Erythrosine. They hypothesized that a reduction in the clearance or an increase in synthesis of serotonin in the brain was initiated by exposure to Erythrosine.



This study was included in JECFA's re-evaluation of Erythrosine during its 86th [22]. From its re-evaluation, JECFA concluded that the findings of the two publications were not applicable for risk assessment based on evidence indicating that Erythrosine does not penetrate the blood-brain barrier and that previous studies used higher doses of Erythrosine but did not observe behavioral changes.




FD & C red No. 40: 
EFSA and JECFA re-evaluated Allura Red AC (FD & C Red No. 40) [20,23]. EFSA reviewed one study in an animal model measuring changes to neurobehavioral or neurobiochemical endpoints. The study evaluated Allura Red AC administered in the diet to mice over two generations. Few sporadic, non-dose-dependent effects were noted on reproductive endpoints, and few adverse effects were noted on movement activity and maze learning in F1 rats. The author concluded that such effects on reproduction or behavior are not expected to occur at typical human intake levels [23,51]. The ANS Panel came to a similar conclusion that the present database did not warrant any revision to the assessment or current ADI [23]. JECFA came to a conclusion similar to EFSA [23] that the available data do not give reason to revise the ADI [20]. The ADI of 0-7 mg/kg bw per day was re-confirmed, and JECFA concluded that dietary exposure to Allura Red AC was safe for all age groups, including children and adolescents.



Two studies were published after publication of the EFSA Scientific Opinion [23] and JECFA re-evaluation [20]. First, a study using male albino rats exposed (n = 6 per group) to 200 mg/kg Allura Red by gavage for 8 weeks, reported reduced levels of brain neurotransmitters, serotonin, 5-hydroxyindoleacetic acid, gamma aminobutyric acid, and histamine and renal histological changes [54]. Additionally, Bawazir [54] reported reduced brain levels of antioxidant substrates malonaldehyde and glutathione peroxidase, leading to their hypothesis that oxidative damage induced by intestinal tract bacterial transformation following gavage exposure to 200 mg/kg bw per day Allura Red AC led to the observed neurological effects. While no data was presented, the author stated that measures of renal function, serum creatinine and urea, were statistically increased. The effects reported by Bawazir [54] from a gavage administration of 200 mg/kg bw/day dose of Allura Red AC were described to be statistically significant, but only reached a p ≤ 0.05 value. The small number of rats in the two groups, and the use of single exposure amount likely impacted on the statistical power of the study. Additionally, the authors did not present historical control ranges for the endpoints evaluated. Based on the limitations of this report, its usefulness in risk assessment is considered low. While effects were reported as adverse, study design and reporting deficiencies significantly diminish the use of the data for assessing the safety of Allura Red (FD & C Red No. 40).



The second study by Noorafshan, et al. [55] tested the oxidative effect hypothesis and reported structural changes in the medial prefrontal cortex of male Sprague-Dawley rats administered at either 7 or 70 mg/kg bw per day Allura RedAC by gavage for 6 weeks which could be mitigated with concomitant gavage exposure to 200 mg/kg bw per day of taurine. The changes reported in cortex volume were attributed to a reduction in the number of cells, neurons and glial cells, and diminished dendritic length. This led Noorafshan, et al. [55] to hypothesize that the protection observed from co-exposure to taurine could be a result of taurine's purported antioxidant, membrane stabilization, and calcium signaling properties. However, it is known that Allura Red AC is poorly absorbed into the systemic circulation from oral exposures [20,23]. Additionally, a number of lifetime/chronic toxicity and carcinogenicity studies in rats and mice using much larger numbers of animals per group (n = 50-100) have not demonstrated similar histological effects even though much higher levels of Allura Red AC (up to 7422 mg/kg bw/day) were administered via incorporation into feed [23].



Additionally, Noorafshan, et al. [55] evaluated the performance of rats exposed to Allura Red AC with and without co-exposure to taurine in two functional learning and memory assay types, novel objects recognition and the eight-arm radial maze tests. Noorafshan, et al. [55] reported a statistically significant (p < 0.05) decrease in total object exploration time in short- and long-term memory object recognition tests at the highest dose of Allura Red AC tested, 70 mg/kg bw per day, administered by gavage, which was mitigated by co-exposure to taurine (200 mg/kg bw per day). Additionally, reductions (p < 0.05) in the preference index, a measure of visual novelty of objects, for short- and long-term memory were observed in mice exposed to the highest dose of Allura Red AC tested (70 mg/kg bw per day) and mitigated by the co-administration of taurine. Of note, unlike the observations reported from the novel objects recognition assay following gavage instillation of 70 mg/kg bw per day Allura Red AC, no statistically significant behavioral effects were observed following exposure to the acceptable daily dose (ADI) of 7 mg/kg bw per day [55]. In the eight-arm radial maze assay, Noorafshan, et al. [55] reported significant (p < 0.01) increases in working and reference memory errors at both exposure levels of Allura Red AC which were also diminished by co-exposure to taurine. Thus, Noorafshan, et al. [55] concluded that Allura Red AC may impair spatial learning and memory, as well as the number of glial cells at the current ADI (7 mg/kg bw per day), however, simultaneous treatments with taurine and Allura Red AC may prevent these changes. The authors concluded that exposures of Allura Red 10x higher than the ADI could impair learning, memory, and mPFC structure, and, taurine may act as a neuroprotectant.



The findings of Bawazir [54] and Noorafshan, et al. [55] conflicted numerous studies that did not report any histological changes or overt neurological impairments with exposures of up to two orders of magnitude higher [23]. Taking the facts presented above into consideration, the effects reported by Bawazir [54] and Noorafshan, et al. [55] would not be expected to lead to a change in food safety organizations changing their conclusion on the safety of Allura Red AC (FD & C Red No. 40).


  

FD & C yellow No. 5: 
EFSA and JECFA completed re-evaluations of Tartrazine (FD & C Yellow No.5) [20,24] EFSA reviewed two developmental neurobehavioral studies in mouse models. Both studies evaluated tartrazine administered in the diet to mice over one or two generations. No adverse effects on reproductive parameters were observed up to and including the highest dose levels (773 and 1225 mg/kg bw per day/day for males and females, respectively). Neurobehavioral testing indicated some differences in performance of treated animals versus controls, often in the direction of improved, rather than decreased, performance following exposure to Tartrazine [24,51]. The findings were neither consistent nor dose-dependent, and the ANS Panel noted a lack of standardization of litter sizes which could have influenced the results and rendered interpretation of the studies difficult. EFSA concluded that these studies did not demonstrate any adverse effects of Tartrazine on neurobehavioral development and that revision of the ADI was not warranted based upon these studies. JECFA came to the same conclusions as EFSA on the data presented in Tanaka, et al. [24,51], indicating a lack of dose responsiveness and that the observed increases in activity were likely associated with increased body weight of the offspring at the time of evaluation.



After EFSA's Opinion was published in 2009, one paper evaluating neurobehavioral endpoints following exposure to tartrazine was published after the EFSA Opinion was released. Gao, et al. [56] reported differences in the results of neurobehavioral tests, including Morris water maze test (n = 10 mice per exposure group), step-through test (n = 10 mice per exposure group), and open-field test (n = 10 rats per exposure group), following 30 days of gavage exposure to 0, 125, 250, or 500 mg/kg bw per day Tartrazine in Sprague-Dawley rats and 0, 175, 350, or 700 mg/kg bw per day Tartrazine in Kun Ming mice. The authors reported significantly (p < 0.05 and p < 0.01) reduced learning and memory of mice in the step-through test at 350 and 700 mg/kg bw per day and increased open-field locomotor activity in rats at 250 and 500 mg/kg bw per day. The authors acknowledged that the doses tested were up to > 10x of the then JECFA ADI when extrapolated to a human dose.



JECFA reviewed the results included in the Gao, et al. [56] paper and concluded that the number of animals per group (n = 10) was a too small to be of use in risk assessment. Following a review of the available data, JECFA increased its ADI from 0-7.5 mg/kg bw to 0-10 mg/kg bw and concluded that dietary exposure to Tartrazine was safe for all age groups, including children and adolescents [20].



We identified four additional studies investigating potential neurotoxicity of Tartrazine, i.e. Mohamed, et al., 2015; Bhatt, et al., 2018; Alsalman, et al., 2019; El-Sakhawy, et al., 2019 [57-60]. While these studies did not specifically evaluate behavioral endpoints, they did assess effects on brain cells and function following exposure to Tartrazine. Mohamed, et al. [57] administered by gavage 500 mg/kg bw of Tartrazine to Sprague-Dawley rats (n = 6 per group) either alone or in combination with cod liver oil or royal jelly. The authors reported Tartrazine induced decreases in brain neurotransmitter levels and in measures of antioxidant capacity (superoxide dismutase, catalase, and glutathione) increased malondialdehyde levels, and increased frequency of apoptotic brain cortex cells and concluded that Tartrazine, at levels much greater than the ADI, can impact neuronal cells of the brain which may or may not manifest into effects on behavior. The histological effects observed by Mohamed, et al. [57] were not noted as being observed in long term toxicity or carcinogenicity studies using mice, rats, and dogs at exposure levels more than 1.5 times greater with Tartrazine incorporated into the feed [23].



Bhatt, et al. [58] also reported similar changes in brain antioxidant enzymes as Mohamed, et al. [57] following gavage exposure to 7.5 mg/kg bw Tartrazine. The authors hypothesized that the changes observed were likely due to systemic exposure to metabolites of Tartrazine and concluded that a greater awareness of possible human health effects was warranted. As with the results reported by Mohamed, et al. [57], the reported effects by Bhatt, et al. [58] did not manifest into observed toxicity or carcinogenicity in long term studies using mice, rats, and dogs at exposure levels in multiple orders of magnitude greater with Tartrazine incorporated into the feed [23].



Alsalman, et al. [59] also reported on brain oxidative stress measures, and on the expression of a number of genes associated with antioxidant pathways in the brain of rats (n = 6 per group). The study evaluated an exposure to Tartrazine at 700 mg/kg bw orally for up to 21 days and co-exposure to aspirin for various lengths of time. While the paper stated oral exposure to Tartrazine, one can presume based on the description of the exposure in mg/kg bw that the administration was by gavage. The authors concluded that tartrazine is genotoxic and possibly tumorigenic in the brain. However, multiple long-term rodent studies utilizing feed incorporation of Tartrazine at exposures in excess of 2 orders of magnitude did not demonstrate an increased incidence carcinogenicity [23].



El-Sakhawy, et al. [60] evaluated Tartrazine in male albino rats (n = 10 per group) by gavage at 7.5, 15, and 100 mg/kg bw for 30 days. The authors reported observing histological changes via light microscopy in the cerebellum, submandibular glands, and kidneys in all Tartrazine exposed groups. The authors also reported that through immune histological evaluation increased activity of the proteins proliferating cell nuclear antigen (PCNA) and glial fibrillar acidic protein (GFAP) in the cerebellum, submandibular glands, and kidneys in all Tartrazine exposed groups. Based on their findings, the authors suggested that Tartrazine could negatively impact the organs evaluated. However, multiple long-term rodent studies utilizing feed incorporation of Tartrazine at exposures in far exceeding the exposures in level and time frame did not demonstrate an increased incidence adverse effects in any organ evaluated [23].



The different methods of Tartrazine administration, gavage versus incorporation in feed, have shown marked differences in reported effects in the literature. Tartrazine absorption, distribution, metabolism and excretion have been well studied in laboratory animals and humans. When administered orally, absorption of Tartrazine is low (< 5%) with most of the absorbed Tartrazine excreted unchanged in urine [23]. However, Tartrazine undergoes extensive metabolism by gastrointestinal micro flora to sulphanilic acid and aminopyrazolone whichare more readily absorbed than Tartrazine [23] and thus may have a greater potential for higher systemic exposure. Additionally, the results reported by Mohamed, et al. [57], Bhatt, et al. [9], Alsalman, et al. [59] and El-Sakhawy, et al. [60] were all observed following a bolus exposure through gavage administration. The long term toxicity and carcinogenicity studies that utilized Tartrazine administration through incorporation in the feed did not report adverse findings associated with the organs evaluated Mohamed, et al. [57]; Bhatt, et al. [58]; Alsalman, et al. [59]; El-Sakhawy, et al. [60] even though the total delivered exposure was much larger, up to 2 orders of magnitude [23]. While studies using gavage exposures have reported observing Tartrazine-induced effects deemed to be adverse, food safety evaluations will generally place greater weight and consideration on studies that utilized properly controlled and evaluated feed exposures as these better resemble human exposure.




FD & C yellow No. 6: 
EFSA and JECFA re-evaluated Sunset Yellow FCF (FD & C Yellow No. 6) [19,23]. EFSA reviewed one developmental neurobehavioral study in an animal model [23,51]. This study evaluated Sunset Yellow FCF administered in the diet to mice over two generations. No adverse effects were observed in the F0 generation up to and including the highest dose level (0.05%, 0.15%, and 0.45%, corresponding to approximately 83, 259, and 773 mg/kg bw per day). In the F1 generation, there were a few statistically significant differences from controls during the lactation phase, but these effects were transient and non-dosedependent. Neurobehavioral testing indicated a dose-dependent effect on functional development in only one of five tests (swimming direction), in only one sex (females) and detected during only one of two examination periods (Postnatal Day 4). Effects noted on other parameters of neurobehavioral development were sporadic, not consistent and not dosedependent. Evaluation of the F1 offspring for performance in a water T-maze demonstrated some differences, which were not consistent, dose-related, or entirely adverse, leading the author to conclude that any differences noted might not have been caused by Sunset Yellow FCF, a conclusion reiterated by EFSA, which stated that the study did not demonstrate an adverse effect of Sunset Yellow FCF on reproductive parameters or physical or behavior development of offspring of treated parental generations. EFSA set the NOAEL for this study as the highest dose tested, i.e. 0.45%, corresponding to approximately 773 mg/kg bw per day. Based upon uncertainties and treatment-related effects defined in other toxicological studies in the Sunset Yellow FCF database, EFSA decided to temporarily reduce the ADI from 2.5 to 1.0 mg/kg bw per day [23]. Based on receipt of additional data, EFSA has since revised the ADI of Sunset Yellow to 4 mg/kg bw per day [60].



JECFA came to a similar conclusion as EFSA [23] indicating that dietary exposure to Sunset Yellow FCF was safe for all age groups, including children and adolescents. In its evaluation of the evidence, JECFA relied upon data from long term exposure studies toxicity studies from in its decision to increase the ADI from 2.5 to 4 mg/kg bw/day matching the revised ADI developed by EFSA [19,61].


 

FD & C green No. 3: 
In 2017, JECFA reported on its re-evaluation of the safety data associated with Fast Green FCF (FD & C Green No. 3) and re-affirmed an ADI up to 25 mg/kg bw per day based on a NOAEL of 2500 mg/kg bw per day observed in a rat carcinogenicity study. JECFA also concluded that dietary exposure to Fast Green FCF was safe for all age groups, including children and adolescents. In its evaluation, JECFA noted published studies demonstrating the potential for Fast Green FCF to interact with the purinergic P2 receptor membrane channel protein pannexin 1 in constructed Xenopus oocyte expression models [21], but indicated that further work would be needed to determine if the model system has any relevance to food safety [21]. Additionally, it is known that Fast Green FCF does not cross the blood-brain barrier indicating that such modeling is not representative of the in vivo situation following ingestion of Fast Green FCF [62].



In ICR mice, Yang, et al. [63] reported that an intraperitoneal (i.p.) injection of 100 mg/kg bw per day of Fast Green FCF for seven days mitigated lipopolysaccharide-induced depressive effects on a number of functional behavioral endpoints, forced swim test, sucrose preference test, and novelty-suppressed feeding test, without itself producing effects on these endpoints [63]. Based on the i.p. route of administration, the findings of this study are not relevant to a food safety assessment as data from oral exposure studies and an understanding of systemic exposure exists.


Conclusion 

 


The literature on human studies from the past decade does not offer a strong, plausible, or reliable explanation that FCAs present in or eliminated from the diet has an impact on ADHD symptoms in children and adolescents. There is a lack of clinical research exclusively on individual FD & C colors. Instead, the studies in humans evaluated mixtures of FCAs or mixtures of FCAs along with other food additives rather than single FCAs individually and many were done including colors not approved for use in the US. While this approach may be a good representation of "real world" exposure scenarios for the combination of only certain FCAs needed to produce the desired color, this approach significantly impacts the ability to evaluate the safety of individual FCAs and does not replicate the vast majority of "real-world" ingestion scenarios for mixtures of FCAs. Additionally, studies frequently feature subjective ratings only and often include biased results based on parent, teacher, or other outside interpretation of behavior. The actual subjects' (children with or without ADHD) ratings of behavior are often not objective, but rather subjectively recorded or measured, and behavioral ratings and tests are almost never utilized. Many studies used outdated criteria for diagnosis of ADHD, or do not include any information about diagnostic evaluations or status. Additionally, FCA elimination studies did not demonstrate efficacy as compared to pharmacological interventions. Because the evidence indicates that the effects of dietary elimination strategies as reported from clinical studies are of limited efficacy, the elimination of any one component of the diet is likely not a viable treatment for ADHD and does not account for the multifactorial foundation of this disease, which is complex yet widely accepted as primarily genetic. Kanarek [64] reviewed the history of FCAs and increased hyperactivity in children with ADHD. The author reports that in the early 1970s, Dr. Feingold found that when hyperactive children were given a diet free of FCAs, symptoms of hyperactivity were reduced. More rigorous empirical studies over the next 20-years were less supportive of this finding. Kanarek [64] further describes how the British government requested that food manufacturers remove most FCA from their products in 2009 presumably in response to more recent research and public petitions. Despite the British government's request for the removal of FCAs, Kanarek concluded that "while these strictures could have positive effects on behavior, the removal of food dyes is not a panacea for ADHD, which is a multifaceted disorder with both biological and environmental underpinnings," [64].



Non-clinical data associated with functional neurobehavioral measures following exposure to the FCAs subject to this review have been published. Some of this evidence has been reviewed by expert food safety organizations such as EFSA and JECFA as part of their safety evaluations for the use of these FCAs in foods. The functional neurobehavioral data reported for individual FCAs and mixtures of FCAs have a number of similarities. These similarities include that the magnitude of changes observed have been small, inconsistent, and not dose-responsive in nature. Because of the limitations associated with the current dataset, such functional neurobehavioral data have not affected safety conclusions nor warranted revisions to ADIs by expert food safety organizations. Additionally, newly developed efforts, such as the National Toxicology Program's focus on evaluating developmental neurtotoxicitypotential of compounds or chemicals of interest have not included aspects of clinical behavioral assessment, but rather focused on additional non-clinical models [65].



Another aspect to consider for the incorporation of non-clinical neurobehavioral data into assessments of the safety of FCAs is that the current non-clinical models do not specifically provide direct correlation to human ADHD. Because ADHD is heterogeneous and the neurobiological understanding of ADHD is lacking in humans, the current non-clinical behavioral models may be models of "ADHD-like" symptoms [66]. Also, much of the available non-clinical functional neurobehavioral data for FCAs concluded that effects were observed on working memory. Effects on working memory in non-clinical, rodent models, are likely not applicable to understanding the potential to produce ADHD in humans following exposure to a substance. Publications reporting clinical differences between deficits in working memory and ADHD have demonstrated that while impact on working memory can be a part of ADHD, improvement of working memory deficit has limited effect on the clinical manifestation of ADHD [67,68].



While this manuscript was in preparation, a new publication was identified that reported on findings from a pilot clinical study evaluating exposure to FCAs and effects on college students was identified. The study evaluated the effect of FCAs on ADHD symptoms and electroencephalography (EED) in a small number of college students with (n = 18) and without (n = 11) diagnosed ADHD [69]. Each group avoided FCAs in their diet for two weeks prior to evaluation and during the 2-week evaluation period. The double-blinded study utilized a crossover challenge with 3 exposures to 225 mg of a mixture of Red No. 40, Red No. 3, Yellow No. 5, Yellow No. 6, Blue No. 1, Blue No. 2 or no AFCs added to chocolate cookies. Cookies were consumed for 3 consecutive days with testing occurring on the third day of each week of the trial. Prior to the initiation of the study, all participants completed the Adult ADHD Self-Report Scale (ASRS), a mix of simple and complex attention measures, and a baseline EEG. Additionally, the diagnosed ADHD group was asked to refrain from taking ADHD medications during the study period. 



The authors reported finding no differences in the measures of attention in the ADHD diagnosed and control groups following intake of both AFC-containing and placebo cookies. The baseline EEG recordings were consistent with previous studies and demonstrated no differences between groups. Differences in the ADHD group were demonstrated in both mean gamma power and relative alpha power in the posterior region with EEG when eyes were closed, and the mean posterior gamma was increased during the AFC condition relative to placebo. The authors noted that gamma power is not widely reported in the ADHD literature, and they identified one other study in adults which did not produce the same results. While such EEG changes have been noted in the literature, The American Academy of Neurology (AAN) published assessed quantitative EEG as a diagnostic tool for ADHD and determined that such testing is not ready for routine clinical use [70]. Additionally, Kirkland, et al. [69] noted that their findings were not conclusive and that more study would be necessary to determine if their EEG findings were meaningful. The AAN assessment noted that the data set is inconclusive for ADHD diagnosis using EEG measures and changes in EEG measurements are also observed with other diagnoses. Based on the findings presented by Kirkland, et al. [69] and the guidance provided by the AAN, our conclusions are not impacted by this latest publication.


Limitations and recommendations



Limitations of this review: This review has several limitations. First, the complexity of ADHD evaluation, lack of knowledge associated with risk factors for ADHD, inconsistent clinical study protocols, and extrapolation of the results from non-clinical data to humans are challenges in interpreting the dataset. Secondly, the enormity and complexity of the literature set associated with FCAs and neurobehavioral measures could complicate the ability of the chosen literature search strategy to extract all of the references that provide interpretations of potential effects of FCAs. Thirdly, this work did not follow meta-analysis or Systematic Review protocols. The work was designed and intended to gather the existing clinical and non-clinical evidence associated with FCAs and provide a critical evaluation of said scientific evidence. By gathering and evaluating the totality of the evidence, conclusions can be drawn that demonstrate how the weight of the scientific evidence can be interpreted. Additionally, future publications of new data may impact the conclusions that we have drawn from the current dataset.




Limitations of current literature: Because food intake is a requirement for all humans, understanding the strengths and limitations of clinical research is an important factor when evaluating foods, food ingredients, and food additives, including color additives, for safety. Thus, we must critically examine the research and adequately identify the limitations of such. There are several limitations to the research reviewed herein and thus, to the conclusions that can be drawn from it. Some limitations include the nature and kind of studies examined, as well as the multi-factorial nature of ADHD and ADHD symptoms and limitations on our current knowledge regarding the etiology of ADHD symptoms.



The research to date on FCAs and their relationship to ADHD symptoms is fairly sparse, lacks rigor and standardization, is inconsistent and thus, it is challenging to draw meaningful conclusions from the data. We know that there are limitations in all human subject research due to biases. This bias can begin with the recruitment of study subjects that may not represent the population through self-selection of participation [71] and extends to subjective judgements in interpretation of effects) [72]. The value of objective measures of effect is critical for evaluating behavioral responses, especially in ADHD. Emser, et al. [73] concluded that objective measures provide better prevention of bias from an evaluator in the detection of a response and other errors associated with subjective measures for ADHD. As noted in other published reviews of the available data, several of the studies reviewed suffer from various sources of bias such as raters may have been unblinded in portions of protocols to assess behavior change and thus results should be viewed with this in mind.



We also explored systematic reviews in the literature in order to evaluate findings in the recent years. The systematic review approach is a common practice and often evaluates publications covering the same topic but may evaluate less compelling or rigorous studies [74]. The ability of a systematic review to be a valuable and reliable tool may be affected by bias inherent to the design, conduct, analysis, or reporting in the studies that it evaluates [75]. In the conduct of a systematic review, the extent by which biases have impacted the author conclusions may be difficult to know [76], thus any application of these conclusions must be interpreted with caution. In addition, papers that provide a frank discussion on their own limitations may be seen to be less effected by biases.



An additional significant concern is the fact that the etiology and course of ADHD is multi-factorial and not fully understood. Thus, determining what may or may not produce symptoms or worsen symptoms over time is very challenging, and may include social, familial, and personal influences as well as genetic and biological components.



Presumably, any ingested compound, such as food items and FCAs used in such, may contribute only as fraction of causal factors driving behavior and report of such behavior. Study design can be modified to address these concerns and would include using blinded raters who are not related to or intimately involved in a relationship with the research study participants. Having parents and teachers as raters is handy for research on children and adolescents but is not the most rigorous design for evaluating objective changes in behavior. We advocate for the use of standardized behavioral ratings from trained professionals and the use of standardized behavioral assessments administered via computer. Future research will benefit from increasing awareness of the biases inherent in RCTs and strive to address them and possibly utilize protocols specifically developed to address the question of potential behavioral effects induced by FCAs. Also, additional knowledge of the causes, diagnosis, course, and management of ADHD must also be expanded in order for objective and clinically relevant conclusions to be drawn about the impact of FCAs on ADHD symptoms and behaviors.



Our review of the research literature on the available elimination or induction studies indicates that evidence does not exist that provides adequate scientific support to link FCAs consumption to increasing ADHD symptoms in humans. We propose that additional rigorous research, possibly using methodology put forth by Kleinman, et al. [50], will be required to appropriately evaluate the impact of FCAs on behavior in children diagnosed with ADHD or children with symptoms of ADHD. Future research must address the limitations noted in the previous research in order to contribute to the literature in an objective and clinically relevant manner.



Additionally, further research is needed to assess the impact and role of pharmacological (stimulants, non-stimulants, antidepressants, antipsychotics, and other drugs), psychological (behavioral, cognitive training and neurofeedback), and alternative medicine (dietary therapy, fatty acids, amino acids, minerals, herbal therapy, homeopathy, and physical activity) on ADHD and ADHD symptoms in children [48]. Research on multimodal or combined (i.e. pharmacological, psychological, and alternative medicine) therapies to produce benefits in various facets of ADHD at once is also needed.
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